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The primary purpose of the present study is to develop a framework and 
methodology for evaluating appropriate Heating, Ventilating, and Air Conditioning 
(HVAC) retrofit solutions that can be effectively retrofitted into different types of small-  
and medium-sized commercial buildings (SMSCB).  Additionally, development of an 
advanced data-driven decision-making tool is introduced as a benefit of proposed 
framework.     
In recent years, considerable attention has been focused on retrofits of existing 
commercial buildings (IBE, 2013b).  In fact, the Commercial Building Energy 
Consumption Survey (CBECS) 2003 (EIA, 2006) indicates that over 70% of existing 
commercial buildings across the United States are more than twenty years old and these 
old buildings consume about 20% of the primary energy in the United States.  Also, 99% 
of commercial buildings are within 1,001 ? 200,000 square feet and these buildings 
consume about 75% of the energy used by all commercial buildings.  Consequently, there 
is a great opportunity to save energy on SMSCB accompanied with integrated retrofit 




Since this study focuses on developing a framework to evaluate proper HVAC 
retrofit solutions for SMSCB, each of the following aspects of the proposed framework is 
discussed: (1) the development of baseline SMSCB energy models; (2) the identification 
of appropriate HVAC retrofit solutions for selected SMSCB types; (3) the analysis of 
selected HVAC retrofit solutions to each of the identified SMSCB types and climate 
zones; and (4) the assessment of both the energy savings and cost-effectiveness of the 
proposed HVAC retrofit solutions for proposed SMSCB.  Certainly, utilizing this 
methodology will provide stakeholders and contractors with a promising reduction in 
project cost including both installation and operating cost.  Also, by employing the 
developed decision-making tool, building owners, contractors, and architects may have 
benefits of reduced time and effort for selecting appropriate HVAC retrofit solutions.    
A case study is presented that utilizes this methodology in office, mercantile, 
education, food service, lodging, and food sales building types in several regions across 
the United States, and shows how the proposed framework may be used to adapt to 
different circumstances concentrating on HVAC retrofit solutions for prototypical small-  





CHAPTER 1. INTRODUCTION 
1.1 Background and Motivation 
This study will address some of the major concerns associated with Heating, 
Ventilating, and Air Conditioning (HVAC) retrofit solutions for existing Small- and 
Medium-Sized Commercial Buildings (SMSCB).  In addition, an advanced decision-
making tool with a data-driven database, derived from the results of extensive annual 
energy simulations with various HVAC retrofit technologies, will be presented.      
Existing commercial building retrofits have received considerable attention from 
the U.S. government and the building industry (IBE, 2013b).  According to the 
Commerc ia l Build ing Energy Consumption Survey (CBECS) 2003 (EIA, 2006) 
conducted by the U.S. Energy Information Administration (EIA), over 70% of existing 
commercial buildings across the United States are more than twenty years old, with many 
of these buildings soon in need of renovation (Holness, 2008).  These old buildings 
consume about 20% of the primary energy in the United States, which means there is a 
great potential for energy savings with integrated technologies and building retrofit 
solutions, such as HVAC and envelope integration, and window and lighting integration.  
Figure 1.1 shows the ranking of the highest energy consumption for all commercial 
buildings by Principal Building Activity (PBA).  The first seven principal buildings  
account for 76% of the building energy usage of commercial buildings (EIA, 2008).     
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Since 99% of commercial buildings are smaller than 200,000 square feet, in particular, 
much attention has been paid to retrofitting small- and medium-sized commercial 
buildings.  Furthermore, the CBECS 2003 shows that existing small- and medium-sized 
commercial buildings, within the 1,001 ? 200,000 square foot range, consume about 75% 
of the energy used in all commercial buildings.   
While retrofitting the HVAC systems in existing small- and medium-sized 
commercial buildings is an important issue, current HVAC retrofit applications typically 
are determined without a detailed evaluation of the design alternatives due to cost and 
schedule constraints (IBE, 2011).  Moreover, inadequate retrofit design and the lack of 
application guidelines may cause a failure of retrofit projects that should fulfill both 
energy savings and cost benefits with the incorporated new technologies.  Consequently, 
recognition of proper HVAC retrofit decisions and understanding of compatible HVAC 
components may promise to achieve retrofit goals. 
 
 
























All Commercial  Buildings
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The primary focus of this study is to develop a framework and a methodology for 
evaluating appropriate HVAC solutions that could be effectively retrofitted into different 
small- and medium-sized commercial building types.  Prototypical building types and 
characteristics for baseline models are proposed based on the CBECS 2003 database and 
annual energy simulation results from EnergyPlus are analyzed employing the different 
HVAC retrofit technology options.   
 
1.2 Objectives and Scope 
1.2.1 Objectives 
The primary objective of this study is to develop a comprehensive framework for 
evaluating appropriate HVAC solutions for different types of small- and medium-sized 
commercial buildings (SMSCB), not including residential or industrial building types.  
Currently, no comprehensive framework exists to guide the HVAC retrofit decision-
making process.  In fact, there are few building retrofit guides that are focused on 
integrated and whole-building retrofit approaches and procedures.  Generally, previous 
work on this topic has only been performed on large scale commercial buildings 
(Dascalaki & Santamouris, 2002; Fluhrer, Maurer, & Deshmukh, 2010; Olgyay & Seruto, 
2010).  Also, when previous researchers have selected their potential HVAC retrofit 
options, they generally employed a method based on experience, common sense, and 
rules-of-thumb without a detailed evaluation of the many different design alternatives.  In 
this study, to overcome the limitations of previous retrofit guidelines, a comprehensive 
framework for evaluating appropriate HVAC retrofit solution for SMSCB is developed. 
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Within the scope of developing a framework and a methodology for evaluating 
HVAC retrofit solutions, the first step is to appropriately modify existing prototypical 
SMSCB energy models.  This is important because the currently available reference 
(prototypical) building models do not accurately represent the stock of existing 
commercial buildings in the present era.  The primary issue is that all of the detailed 
building parameters in the energy model are consistent with the year when the building 
was built.  For example, in Post-1980 building models, both construction characteristics 
and usage characteristics are based on information from ASHRAE Standard 90.1-1989.  
However, in real buildings, the construction characteristics may remain same as the year 
when they were built while usage characteristics may be dramatically different because 
the occupants? life style has changed.  Consequently, for representing realistic existing 
buildings, it is necessary to update outdated characteristics including lighting power 
density, occupant density, plug loads, and schedules, etc.   
In addition, one of the valuable contributions of this work is the development of a 
new prototypical convenience store energy model, since no such reference building 
model is currently available in the industry (Deru et al., 2011; Thornton et al., 2011).  
This new proposed energy model will further expand understanding and opportunities for 
making cost effective retrofits in this sector.  In other words, both researchers and energy 
service companies (ESCOs) can employ this new energy model to find and develop 
optimal retrofit solutions.      
Another priority of this work is to develop an advanced decision-making tool for 
selecting appropriate HVAC retrofit solutions.  Since previous retrofit tools concentrate 
on integrated and whole-building retrofit approaches with only a single HVAC retrofit 
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measure, the proposed advanced decision-making tool will provide an accurate 
comparison of energy savings and cost benefits for different HVAC retrofit combinations 
for SMSCB.  One of the benefits of this tool is ????? ?????simple and easy to use.  Unlike 
applying the whole framework where a project manager needs an engineering 
background or at least an understanding of building energy modeling, the decision-
making tool that has been developed may be utilized by all those who are interested in 
making HVAC retrofits to their target buildings.  Another advantage of this decision-
making tool is that it may be easily updated and customized with new HVAC 
technologies.   
 
1.2.2 Scope 
? Focused target building types will be only small- and medium-sized 
commercial buildings (SMSCB) within the 1,001 - 200,000 square feet 
range. 
? Different regional construction practices will be considered to establish 
baseline performance based on a certain criterion.   
? Annual energy simulation based on EnergyPlus will consist of accounting 
for the effect of integrated HVAC retrofit measures for selected SMSCB 
and will be calculated based on a quasi-static analysis.    
? A case study will be completed utilizing six building types and six 
representative cities based on an analysis of the CBECS 2003 data.  The 
effectiveness of the proposed HVAC retrofit solutions will be analyzed 




are shown in commercial building stock or information from government agencies.  
Other crucial tasks in this stage are to define existing HVAC systems and different 
construction elements, such as insulation levels and window properties, which are 
regional in nature.  Finally, model validation is a part of the first stage.   
The second stage of the methodology is to generate a list of appropriate HVAC 
retrofit solutions for the different SMSCB types.  There are many HVAC retrofit 
technologies for various building types, such as commercial, residential, and industrial, in 
the building industry.  Utilizing improper HVAC measures may cause a failure to achieve 
the goals of a retrofit project.  Hence, developing appropriate HVAC retrofit solutions for 
the proposed SMSCB?? is an important element of the work in this stage.  Moreover, 
decision-making tools such as the DOE?s Prioritization Tool (Farese, Gelman, & 
Hendron, 2012), may be used to ensure confidence in selecting HVAC retrofit solutions 
for selected SMSCB. 
Since baseline SMSCB types and HVAC retrofit solutions are identified in the 
first two stages the third stage is to analyze the application of selected HVAC retrofit 
solutions into the proposed SMSCB types and related climate zones through the use of 
building energy simulation tools.  The simulation tools facilitate comparison of proposed 
???????????????????????????????????????????????????????????????????????????????????????
proposed HVAC retrofit options, the energy modeler must have a comprehensive 
knowledge of building science and technology including detailed HVAC system 
configuration.       
Lastly, the final stage of the methodology is to assess the energy savings of 
proposed HVAC retrofit solutions for proposed SMSCB and to evaluate the cost-
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effectiveness of HVAC retrofit solutions with an economic analysis.  By analyzing 
results of both the annual energy savings and cost benefits, the most effective HVAC 
retrofit solutions for proposed SMSCB may be suggested.  For the economic analysis, 
both installation and operating cost of the various HVAC retrofit solutions for proposed 
SMSCB are a primary consideration.  Moreover, simple payback methods, Net Present 
Value (NPV), and Life-Cycle Cost (LCC) may be utilized to ensure long-term cost-
effectiveness of the proposed HVAC retrofit solutions.  The detailed framework is 





1.4 Organization  
This thesis is outlined as follows; 
? Chapter 1 presents the background and motivations of this study.  More 
importantly, the outline of the framework is explained in this chapter.   
? Chapter 2 describes a literature review of the research that has been done 
relative to building energy simulation, commercial reference building 
models, and existing retrofit applications and tools.   
? Chapter 3 covers the new detailed framework for evaluating appropriate 
HVAC retrofit solutions for small- and medium-sized commercial 
buildings.  It presents a process for each stage of the framework to guide 
any other researchers who want to pursue a similar study in the future. 
? Chapter 4 presents a case study for demonstrating the feasibility of the 
suggested framework with previously completed project results including 
six building types and six representative cities based on an analysis of 
CBECS 2003 data.     
? Chapter 5 discusses the major contributions of this study.  Mainly, it 
describes how well the proposed framework performs and the valuable 
outcomes from applying the proposed framework to the case study.  
? Chapter 6 summarizes the thesis with conclusions and suggestions for 





CHAPTER 2. LITERATURE REVIEW 
2.1 Building Energy Efficiency 
Building energy efficiency has received significant attention from the building 
industry and organizations all over the world because buildings have been one of the 
major contributors to global warming, ozone layer depletion,  and climate change 
(Chidiac, Catania, Morofsky, & Foo, 2011a; Chidiac, Catania, Perry, Morofsky, & Foo, 
2013; Holness, 2008; Hong, Chou, & Bong, 2000; Ma, Cooper, Daly, & Ledo, 2012; 
Pérez-Lombard, Ortiz, & Pout, 2008).  Carbon dioxide (CO2) is emitted during both the 
construction phase and post-construction (operating) phase of a building.  Therefore, the 
analysis of building energy consumption using energy simulation tools in the early design 
stage is an important task to reduce CO2 emissions.  In addition,  these tools can be used 
to evaluate energy efficiency measures at the post-construction stage, such as renovation, 
commissioning, and retro-commissioning (Augenbroe, 2002; Coakley, Raftery, & Keane, 
2014).  Not only is the use of simulation tools important, but also investment in advanced 
construction technologies was emphsized to achieve a low-energy future (Farese, 2012).     
Pérez-Lombard et al. (2008) stated the importance of building energy efficiency 
and an increase of HVAC system energy in both the residential and non-residential sector.  
Also, the authors emphasized that it is critical to establish comprehensive building energy 
information, such as a database of the building stock and energy parameters from the 
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Residential Energy Consumption Survey (RECS) and Commercial Buildings Energy 
Consumption Survey (CBECS), for future energy policies for buildings. 
Holness (2008) discussed the importance of energy conservation in existing 
buildings.  Since previous energy conservation efforts from different organizations 
focused on new construction, the author indicated the necessity of energy saving systems 
or programs for existing buildings.  In addition, the author noted the importance of 
developing advanced energy design guides for HVAC systems in existing buildings.  In 
order to improve energy efficiency in existing buildings, enacting legislation or energy 
code as well as awarding economic benefits with return on investment (ROI) for building 
owners are the major key factors.  Also, the author described the crucial role of ASHRAE, 
including both developing retrofit technologies and harmonizing different approaches 
from each organization.   
Lawrence et al. (2005) discuss several barriers to energy efficiency, including 
building ownership structure, technical, capital constraints, and baseline information 
costs, etc.  Also, the authors suggested potential public policy approaches to remove 
barriers, such as use of regulatory measures, establishing incentive programs, the 
infrastructure of research and development from government, and educational programs 
for both owner and lessee.  In fact, once the energy efficiency measures are applied and 
barriers are overcome, various non-energy benefits occur along with direct energy 
benefits including reduced utility costs.  One of the non-energy benefits is increased 
rental and property value.  ???????????????????????????????????????????????????????????????
(Eichholtz, Kok, & Quigley, 2010).  Also, these types of eco- labeled buildings have 
higher occupacny rates which influence the market economy (Fuerst & McAllister, 2009).    
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ASHRAE and a group of organizations published a series of documents, 
Advanced Energy Design Guides (ADEGs), to achieve 30% to 50% energy savings in 
various commercial buildings.  The former version of the documents recommended 
design guides for accomplishing 30% energy savings over the minimum requirements of 
ANSI/ASHRAE/IESNA Standard 90.1-1999 (ASHRAE, AIA, IESNA, USGBC, & 
USDOE, 2004, 2006, 2008a, 2008b, 2009a, 2009b).  The later version of the documents 
describes efficiency enhancements to achieve at least 50% site energy decrease over the 
minimum requirements of ANSI/ASHRAE/IESNA Standard 90.1-2004 (ASHRAE, AIA, 
IESNA, USGBC, & USDOE, 2011a, 2011b, 2011c, 2012, 2015).  These guides deal with 
several technical areas such as building envelope, lighting, HVAC equipment and 
systems, and service water heating, and suggests energy-savings options for various 
climate zones.  Also, these documents may assist the designer, contractor or building 
owner to understad advanced energy efficiency concepts and help deve lopment of 
various incentive programs (Colliver & Jarnagin, 2005; Jarnagin, McBride, & Colliver, 
2006).  Even though these guides were developed for new construction, the authors 
encourage these to apply to undergoing complete renovation and existing construction 
under retrofit.      
 
2.2 Building Simulation Programs 
Hong et al. (2000) discussed the necessity of building energy simulation programs 
????????????? ??????????????????? ?????????????????????? ?? ??????????? ????? ????????????
?? ???????? ??????????? ????? ??? ??????? ?? ?? ??????????????????? ???? ?????? ??? ???? ?????
??????????????????????????????contributors to global warming and ozone depletion, energy 
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savings in buildings has attracted more attention in the field.  Also, manual calculations 
and ?????-of-??????? ???????? ???? ????????? ??????? ???? ?????? ?????????? throughout the 
building industry before the arrival of computer-aided building simulation.  The authors 
insist that building simulation with parametric study leads to various design concepts that 
can improve building energy efficiency.  In addition, they state that building simulation is 
valuable when applied to energy performance analysis for design and retrofitting.  
Building owners or engineers can obtain accurate annual energy performance through 
simulation, which can help the design of energy planning and management.  Furthermore, 
they can evaluate which retrofit measures are more energy efficient prior to installation.  
In other words, employing building simulation programs in the early design stage and 
initial retrofit stages has a positive impact not only on advanced operation strategies but 
also on energy savings with retrofit measures.   In addition, the usage rate of building 
simulation has been increasing in commissioning and post-construction (operation and 
management) phases (Augenbroe, 2002).  
EnergyPlus is a building energy simulation tool developed by the US Department 
of Energy (DOE) in 1996.  Crawley et al. (2001) discussed development background and 
overall structure of EnergyPlus.  Also the authors describe its features and advanced 
differences from previous building energy simulation programs.  Basically, EnergyPlus 
was developed based on experience with two previous programs: DOE-2 and BLAST.  In 
this paper, a comparison of major features and capabilities of EnergyPlus shows how to 
use these characteristics for retrofitting HVAC systems.  Foremost, the user-configurable 
HVAC systems allow one to apply advanced retrofit measures into existing HVAC 
systems.  One of the strong features of EnergyPlus is the ?????? ?????????? ??????????
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providing an easy starting point for users.   Default HVAC configuration are generated 
based on this function and then other inputs may be added depending on building or 
HVAC system characteristics.  Additionally, the ability to modify node connections is 
important to expand its capability to other retrofit measures.  This feature is powerful 
when other HVAC retrofit measures are applied into the existing systems.  Another 
useful function is that EnergyPlus saves output data with each simulation time step.  Even 
though EnergyPlus may generate very large output files, the users can easily access the 
specific results of each node, facilitating the process of analyzing different retrofit 
technologies.   
Crawley et al. (2005, 2008) described the features and abilities of twenty major 
building energy simulation tools, including BLAST, DOE-2.1E, EnergyPlus, eQUEST, 
IESVE, TRNSYS, etc.  The comparison is tabulated based on program vendor-supplied 
information in the classes of general modeling features, zone loads, building envelope 
and daylighting and solar, HVAC systems, HVAC equipment, results reporting, etc.   
Each table shows the input parameters that are applicable to each tool.  These 
comparisons guide users to identify an appropriate candidate tool based on specific 
simulation tasks or technologies. 
Energy simulation programs play an important role in establishing building 
energy codes, energy labeling programs, and building design and optimization. (Coakley 
et al., 2014; Zhou, Hong, & Yan, 2013, 2014, Zhu, Hong, Yan, & Wang, 2012, 2013).  In 
addition, in-depth understanding of building simulation programs including algorithms, 
advantages, and capabilities is a crucial factor in building energy analysis.  Zhu et al. 
(2012, 2013) and Zhou et al. (2013, 2014) compared three different building energy 
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modeling programs (EnergyPlus, DeST, and DOE-2.1E) in building loads and HVAC 
system, respectively.  Zhu et al. (2012, 2013) found that differences in load calculation 
between DeST and EnergyPlus are caused by the sun position calculation, sky diffusion 
models, and surface convection coefficients.  They also state that DOE-2 is not a suitable 
program when radiant cooling or heating applications are applied.  This is because 
adjacent zone temperatures from the previous time step are used for obtaining heat 
transfer from neighboring zone surfaces when calculating the heat balance between zones.  
Zhou et al. (2013, 2014) found that algorithms for HVAC component models and control 
strategies are a major factor in HVAC energy differences between DeST and EnergyPlus.  
Moreover, they reveal that EnergyPlus has more component options than DOE-2 and 
DeST.  Since the users determine the input parameters for HVAC systems in EnergyPlus, 
they need advanced and expert knowledge of HVAC components. 
 
2.3 Current Commercial Building Energy Models   
Basically, there exist two commercial building energy models from the U.S. 
Department of Energy (DOE): Commercial Reference Buildings (Deru et al., 2011) and 
Commercial Prototype Building Models (Thornton et al., 2011). 
 
2.3.1 Commercial Reference Buildings 
Commercial reference buildings, previously called commercial building 
benchmark models, have been developed by agreement between the National Renewable 
Energy Laboratory (NREL), Pacific Northwest National Laboratory (PNNL), Lawrence 
Berkeley National Laboratory (LBNL), and DOE.  These building models include fifteen 
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commercial building types and one multifamily residential building; and were developed 
with reliable and realistic building characteristics and construction practices for energy 
efficiency research.  While these sixteen reference building models represent roughly 70% 
of the commercial building floor area in the U.S. (Deru et al., 2011), simultaneously, they 
play an important role in the building energy modeling research area to evaluate 
advanced technologies and provide design guidelines for building energy savings.  Each 
reference building model consists of three different versions with sixteen climate zones in 
EnergyPlus: pre-1980 construction, post-1980 construction, and new construction.  Table 
2.1 shows the sixteen commercial reference building types, floor area, and number of 




Table 2.1 Sixteen Commercial Reference Building Types, Floor Area,  
and Number of Floors (Deru et al., 2011) 
Building Type Name Floor Area (ft2) Number of Floors 
Large Office 498,588 12 
Medium Office 53,628 3 
Small Office 5,500 1 
Warehouse 52,045 1 
Stand-alone Retail 24,962 1 
Strip Mall 22,500 1 
Primary School 73,960 1 
Secondary School 210,887 2 
Supermarket 45,000 1 
Quick Service Restaurant 2,500 1 
Full Service Restaurant 5,500 1 
Hospital 241,351 5 
Outpatient Health Care 40,946 3 
Small Hotel 43,200 4 
Large Hotel 122,120 6 
Midrise Apartment 33,740 4 
 
2.3.2 Commercial Prototype Building Models 
Commercial prototype building models implementing construction practices and 
requirements of different versions of ASHRAE Standard 90.1 were developed for 
advancing commercial building energy codes and Standard 90.1 by PNNL.  These 
prototype building models are created based on DOE?s commercial reference building 
models (Deru et al., 2011) not including supermarkets, but including high-rise apartment 
buildings.  Also, these sixteen prototype buildings account for 80% of the U.S. 
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commercial building floor area and more than 70% of the energy consumption in U.S. 
commercial buildings (Thornton et al., 2011).  There are four different versions of each 
prototype building models in EnergyPlus with ASHRAE Standard 90.1-2004, 90.1-2007, 
90.1-2010, and 90.1-2013 including seventeen climate locations.  Figure 2.1 shows a 
three-dimensional rendering of the sixteen prototype building models. 
 
 
Figure 2.1 Three-Dimensional Rendering of Prototype Building Models  
in Google SketchUp (Thornton et al., 2011) 
 





















2.3.3 Other Studies 
Winiarski et al. (2006) performed an extensive analysis of the responses regarding 
equipment categories from the Commercial Building Energy Consumption Survey 2003 
(EIA, 2006) and proposed a recommendation of the most typical heating, ventilating, and 
air-conditioning (HVAC) systems for fifteen different DOE Reference Buildings (EIA, 
2006).  The authors have investigated CBECS limitation on terminology and on percent 
of floor space he????? ???? ???????? ? ???????? ??? ?????? ???????????? ??? ????? ??????????
???????? ????? ??????? ???? ??????????? ??????????? ????? ????????? ?????? ?????????? ????
?????????????????????????????????????????? ???????????????????????????????????????????????
???????????? ???????? ???? ?????? ?????? ?????? ???????? ???????????? ? ??? ?????????? ??? ???
difficult to discover how floor areas are assigned to a particular system in the CBECS 
data.  The authors analyzed a fraction of the building floor space that employs a variable 
air volume (VAV) system for both Post- and Pre-1980 Reference Building models.  
?????????????? ?????????? ???? ????? ????????? ??? ?????????? ???????? ???? fifteen DOE 
Reference Buildings have single- or multi-zone systems.   
The study included recommendations for HVAC equipment for Pre- and Post-
1980 Reference Buildings across the entire U.S.  However, the HVAC equipment for 
specific buildings and areas may also be extracted from the CBECS 2003 database.  The 
specific HVAC equipment information that can be extracted is useful in identifying a 
baseline configuration in a specific area.   
Deru et al. (2011) have developed reference building models to represent the most 
common commercial buildings in the U.S. They are often employed as research tools for 
evaluating new technologies and developing building codes and standards.  These models 
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(Table 2.1) consist of fifteen commercial building types and one multifamily residential 
building with real construction characteristics and efficiency practices based on 
ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers) 
Standard 90.1.  The authors propose three different versions of the reference building 
models, each having the same building configuration, gross floor area, and operating 
schedules, but with different insulation levels, lighting power densities, and having 
HVAC systems derived from a previous study (Winiarski et al., 2006).  The three 
different model versions are new construction, post-1980 construction, and pre-1980 
construction. These reference models apply ASHRAE Standard 90.1-2004 (ASHRAE, 
2004), Standard 90.1-1989 (ASHRAE, 1989), and previous standards and other studies of 
construction practices, respectively. 
In this research, even though the post-1980 models represent existing buildings 
constructed in or after 1980, these building models may not be representative of existing 
commercial buildings in the present era.  This is because they include outdated 
occupancy schedules and building operation schedules that are consistent with ASHRAE 
Standard 90.1-1989 (ASHRAE, 1989).        
Thornton et al. (2011) conducted a quantitative analysis in EnergyPlus using a 
?Progress Indicator? (PI).  They have developed sixteen prototype building models based 
on DOE?s commercial reference building models (Deru et al., 2011) with seventeen 
climate locations.  Different building input parameters based on the requirements of 
ASHRAE standard 90.1 (2004 and 2010 versions) for various climates were applied in 
each version of the prototype building models.  In this report, PNNL, supported by the 
DOE Building Energy Codes Program (BECP), upgraded ASHRAE standard 90.1-2010 
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with addenda, which may achieve 30% energy savings relative to 90.1-2004.  In addition, 
they applied 153 approved addenda from 90.1-2007 and 90.1-2010 to show the energy 
savings goals.  The results show that they accomplished 30% energy savings with the 
application of 90.1-2010 compared to the application of 90.1-2004 when process and 
plug loads were not included in the percentage saving calculation.   
This report introduced the ?Progress Indicator? (PI) as a method to show how to 
approach the goal of energy savings in new building projects.  Their proposed framework 
with improved modifications may also be applied to commercial building retrofit projects.   
 
2.4 Building Retrofit 
2.4.1 Current Retrofit Tools 
In building industry, there are various energy retrofit analysis toolkits.  These 
tools were developed by private sectors and/or public sectors (Lee, Hong, & Piette, 2014).  
Depending on building energy modeling methods, retrofit analysis tools were classified 
into three groups: 1) empirical data-driven methods, 2) normative methods and 3) 
physics-based energy modeling (Lee, Hong, Piette, & Taylor-Lange, 2015).  First, retrofit 
tools based on empirical data-driven methods are restricted to specific buildings since 
measured data from target buildings and training process were mainly used to develop the 
model.  Second, normative calculations also known as reduced-order models compute 
energy consumption using the RC (resistor-capacitance) model that treats the buildings as 
thermal network.  Use of toolkits with normative methods has been increasing due to 
benefits of less required inputs and computational efficiency.  However, this models may 
yield less accurate results than detailed physics-based models.  Lastly, the retrofit tools 
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with physics-based energy modeling is the most popular toolkits because of precise 
energy consumption results.  Moreover, easy accessibility and flexibility of simulation 
engines, such as EnergyPlus and DOE 2.2 (eQuest), incites wide use of this.  However, 
complexity of simulation engines and a waste of simulation time including data input 
discourage to utilize. 
A Building retrofit tool, TOBUS software, was developed to provide guidance for 
retrofit projects (Flourentzou, Genre, & Roulet, 2002).  The objective of this software is 
to provide a user- friendly interface and professional functionality.  The software consists 
of several work packages which are diagnosis, obsolescence, energy, and indoor 
environmental quality.  This tool was well developed for the early retrofit design phase, 
????????????????????????????????????????Caccavelli and Gugerli (2002) applied this tool to 
office building upgrades.  The results show that this tool is a good fit for office retrofit 
projects. 
PNNL published a series of guides for improvement of existing commercial 
building retrofits.  One of the guides titled ?Advanced Energy Retrofit Guides (AERGs) 
for Office Buildings? (Liu et al., 2011a) was reviewed for this study.  This guide includes 
a practical roadmap for large office building retrofits with standard and deep retrofit 
analysis.  Also, the guide demonstrates how the roadmap applies the large office retrofit 
projects with five different climate zones, retrofit depth, economic analysis, and example 
retrofit packages.  As a result, Liu et al. (2011) found that low-cost measures, such as 
adjusting the thermostat setpoint and implementing existing building commissioning 
(EBCx), can save energy up to 25% and standard retrofit measures have an impact on 
energy savings between 25-45% compared to the baseline model.  Also, they found that 
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deep retrofits have longer payback periods than others even though they show energy 
savings over 45% of the baseline model.   
In this study, Liu et al. (2011a) analyzed large office buildings (200,000 square 
feet) with AERG.  There are additional HVAC retrofit measures for small- and medium-
sized office buildings; however, detailed evaluations of these retrofit measures were not 
performed in this study.  Therefore, assessing energy savings and cost-effectiveness of 
these HVAC measures for SMSCB still need to be analyzed. 
To provide an objective comparison of a variety of building energy efficiency 
technologies and activities, the Prioritization Tool was developed by Farese et al. (2012) 
supported by DOE?s Office of Building Technology Program (BTP).  Also, this 
analytical tool has been implemented as a programmatic decision-making device for 
evaluating energy savings and cost benefits.  This comprehensive and straightforward 
Microsoft Excel-based tool utilizes a filter that can screen out energy efficiency measures 
and assess the potential impact of new and existing technologies, which the authors 
identified based on previous research and expert interviews.  The current Prioritization 
Tool includes data on over 400 energy efficiency measures and the DOE Building 
Technologies Office (BTO) has been conducting a peer review to improve the Tool?s 
accuracy (BTO, 2012).   
The Prioritization tool is a useful decision making tool for selecting energy 
efficient technologies for building retrofit projects.  It contains not only HVAC measures 
but also building envelope technologies for both residentia l and commercial buildings.  
This tool may be utilized for this current study when making decisions on appropriate 
HVAC retrofit solutions for proposed SMSCB.      
25 
 
2.4.2 Previous Retrofit Studies 
Dascalaki and Santamouris (2002) investigated energy consumption behavior of 
ten office buildings classified into five different building types in four different European 
climate zones.  The study was conducted with the application of retrofitting scenarios 
such as: improvement of building envelope, use of passive systems and techniques, use of 
artificial lighting systems and daylighting, and improvement of the HVAC system.  The 
results show the positive impacts for each retrofit scenario and include the global retrofit 
options that combined to give the most effective retrofit package. 
Fluhrer et al. (2010) discussed a whole-building retrofit process on the Empire 
State Building (ESB) comparing with typical retrofit approaches conducted by Energy 
Service Companies (ESCOs).  The authors found that the conventional retrofit process 
has many opportunities to increase energy savings based on comparison with the ESB 
deep retrofit process.  In addition, they point out that many ESCOs use experience and 
the rule-of-thumb approach instead of detailed engineering practices.  Particularly, both 
investigation and examination of potential energy efficiency measures are required to 
obtain deeper energy savings.  This paper shows the benefits of the whole-building 
retrofit process with a case study of a large office building and demonstrates how 
important the whole-building retrofit process is to achieve deeper energy savings. 
Olgyay & Seruto (2010) discussed key factors of deep whole-building retrofits 
from a variety of views to reduce potential carbon emissions from building operations.  
The possible key factors include interactions between retrofit measures, compatibility of 
economic analysis and energy analysis at both the project selection stage and detailed 
technology selection stage, and optimizing benefits to both tenants and landlords with 
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cost and energy savings.  The authors have described how using these key factors can 
help both building owners and retrofit engineers to implement wise decision-making for 
whole-building retrofits with cost-effectiveness.   
This paper shows the important elements for success of deep whole-building 
retrofits.  Even though the authors emphasize the importance of both understanding the 
interaction of advanced technologies and coordinating cost analysis with energy analysis, 
they did not include a detailed explanation of how to decide on appropriate HVAC 
retrofits. 
Chidiac et al. (2011b) investigated effectiveness of individual and grouped energy 
retrofit measures (ERMs) in Canadian office buildings with different climate zones.  
Three different vintage office buildings were selected.  The authors compared energy 
consumption increase or decrease with archetype base level energy consumption when 
single and multiple ERMs are applied.  They found that variable air volume systems 
showed the largest electrical energy reduction in a single ERM application.  After 
evaluation of individual measures, several combinations of ERMs were evaluated.  The 
assessment results show that energy reduction for different ERM packages is not same as 
?????????????????????????????????????????????????????????????????packages is less than 
the ????????????? ????????????????????????????? ?????????, thus showing a synergy may 
exist between multiple retrofit options.  One inconvenience is the fact that the selected 
single measures for the ERM sets were limited and did not include all measures.  
Therefore, it would be better to conduct a study of all combined ERMs to understand the 
complete energy consumption characteristics. 
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Chidiac et al. (2011a) introduced a standardized process for selecting feasible 
energy retrofit measures (ERMs) with acceptable cost benefit in Canad ian office 
buildings.  The authors selected three different vintage office buildings as archetypes: 
pre-1950, 1950-1975, and post-1975.  Exterior walls of these buildings were composed of 
brick veneer on concrete block walls for low and medium-rise structures and curtain-
walls for newer high-rise structures.  A total of 12 ERMs were selected for each vintage 
structure to reduce energy consumption.  Also three different climate zones were chosen 
to show how climate conditions influence the function of the ERMs.  For the cost-
effectiveness analysis a simple payback period was used.  However, only four types of 
energy retrofit measures were analyzed including lighting fixtures, boiler system, roofing 
insulation, and exterior wall.  One of the results showed that retrofitting the boiler 
systems is advantageous to large office buildings and yields shorter payback periods in 
cold climates.        
This paper presented a screening methodology to choose reasonable ERMs with 
the highest economic benefits for office buildings.  Even though the authors evaluated 
various ERMs in different categories, they only assessed increasing the efficiency of 
current HVAC systems without considering changing the system type. 
Ma et al. (2012) reviewed previous studies associated with existing building 
retrofits.  Based on their review, a systematic approach for sustainable building retrofits 
was introduced.  It consists of pre-retrofit activities, post-retrofit activities, and strategic 
planning & methods.  Also, the authors describe different categories of retrofit 
technologies, supply side management, demand side management, and change o f energy 
consumption patterns.  Figure 2.2 shows more detailed information on building retrofit 
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technologies.  They also highlight that utilizing both economic analysis and risk 
assessment is important in selecting the most effective retrofit technologies.  On the other 
hand, selecting appropriate retrofit solutions is a trade-off between investments and 
benefits.  Figure 2.3 shows a relationship between cost investments and environmental 
benefits (qtd. in Ma et al., 2012).  In summary, this study states that there is space for 
researchers and engineers to participate in existing building retrofit projects where 
improvement rates are relatively low and slow (Olgyay & Seruto, 2010). 
 
 
Figure 2.2 Main Categories of Building Retrofit Technologies (Ma et al., 2012) 
 
- Building fabric insulation (i.e. 
roof, wall, etc.)
- Windows retrofits (i.e. multiple 
glazing, low-E coatings, shading 
systems, etc.)
- Cool roof and cool coatings
- Air tightness, etc.






- Energy efficient equipment and 
appliances
- Heat recovery, etc.
Energy efficient equipment and low energy 
technologies ? Demand side management
- Comfort requirements
- Occupancy regimes
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- Occupant activities
- Access to controls, etc.
Human factors ? Energy consumption patterns
- Solar thermal systems
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- Wind power systems
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- Electric system retrofits, etc.
Renewable energy technologies and electrical 







Figure 2.3 Cost Versus Environmental Benefits of the Energy Hierarchy  
(qtd. in Ma et al. 2012) 
 
2.5 Summary 
As has been addressed, these are several contributions by researchers in this area.  
The previous studies described how important building energy efficiency in existing 
buildings is to reduce global warming and to protect ozone layer depletion.  Primarily, 
previous studies have focused on saving energy in commercial buildings and most 
research demonstrates how they studied building energy savings with different 
approaches, tools, and analyses.  However, based on previous studies, there are holes in 
the literature and several suggestions are proposed to make up the gaps. 
First, it is recommended to develop a comprehensive framework in order to 
evaluate appropriate HVAC retrofit solution for different type of SMSCBs.  Several 
studies present approaches and procedures for whole-building retrofit.  They attempt to 
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benefits.  Although this may be true, they do not present a methodology to select 
appropriate HVAC retrofit options with detailed evaluation.  Typically, the retrofit 
project simply selected packaged and commercialized HVAC systems with no 
prearrangement.  Their experiences and rule-of-thumb method were preferred to make 
decision for HVAC retrofit alternatives.  In other words, current HVAC retrofit  options 
typically are determined without a detailed evaluation of the design alternatives due to 
cost and schedule constraints.  Thus, it would be helpful to utilize organized procedure 
for delivering more accurate information about HVAC retrofit options to stakeholders or 
building owners.   
Second, to develop prototypical SMSCB energy models that appropriately 
represent current building stock and usage characteristic is one of the recommendations 
to fill up the holes.  Generally, building simulation energy models have been developed 
for various research purpose, such as energy policy development, energy efficiency, and 
HVAC system performance.  Both NREL and PNNL, supported by DOE, developed 
reference commercial building models (Deru et al., 2011; Thornton et al., 2011).  
Although these models are advantageous for developer to save time and efforts instead of 
using real building, they may not represent existing commercial buildings in the present 
era.  In other words, the building construction parameters may have correct information 
from when the building was built; however, the internal building parameters, such as 
occupancy and building operation schedules, must include updated information.  
Consequently, updated parameters will provide accurate building energy analysis 
including correct HVAC equipment size which influences HVAC energy consumption. 
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Lastly, one of the suggestions is to develop an advanced HVAC retrofit decision-
making tool for SMSCB.  The tools should include robust technologies to allow both 
energy and economic benefit and have convenience to easy to employ.  There are various 
existing or new HVAC retrofit measures on the market and it takes a lot of time and 
efforts to compare every possible measures.  Also, existing retrofit tools missed many 
HVAC retrofit measures and they did not cover various commercial building types and 
locations.  Therefore, developing an advanced decision-making tool for determining 





CHAPTER 3. A NEW SMSCB FRAMEWORK FOR HVAC RETROFIT SOLUTIONS  
To develop a framework for evaluating appropriate HVAC retrofit solutions for 
small- and medium-sized commercial buildings, a methodology composed of four stages 
will be presented in this chapter.  
 
3.1 Developing Baseline SMSCB Energy Models 
Since the goal of this study is to develop a framework and a methodology for 
evaluating appropriate Heating, Ventilating, and Air Conditioning (HVAC) solutions that 
could be effectively retrofitted into different small- and medium-sized commercial 
building (SMSCB) types, it is crucial to identify and further develop baseline SMSCB 
models for this purpose.  As one of the framework stages, selection of baseline SMSCB 
types and development of building energy models will be addressed in this section.  
Consequently, researchers who wish to pursue a similar study in the future may follow 





3.1.1 Defining Target Building Types and Size 
Defining target building types and size is an important task because detailed 
building characteristics of the energy simulation model will be determined according to 
the building type and size.  In addition, information on building types and sizes in the 
retrofit project may help to determine retrofit directions including independent and 
integrated solutions for the target building.  In general, selecting a target building?s type 
and size depends on building information provided by a project stakeholder or a 
contractor.  Detailed architectural drawings are one of the best sources for building 
information.  However, when research or investigation takes the form of identifying 
retrofit options for typical buildings then the researcher must choose both building type 
and size.  The following paragraphs will address alternative ways to select building type 
and size for cases where the retrofit project does not provide a specific target.  In other 
words, the section will explain how to choose and narrow down representative building 
types and sizes when the HVAC retrofit project is a general case involving all kinds of 
commercial building types and sizes.   
One way to select the building type and size is to employ and analyze raw data 
sets that are collected through surveys conducted by government agencies or other 
organizations.  Since the retrofit project focuses on SMSCB, it is important to define 
what ?small- and medium-sized? is.  In general, building floor areas are used to decide a 
range of building size.  Moreover, selecting building types within the range of specified 
building sizes is equally important.  The building types may be determined based on 
Principal Building Activity (PBA).  Various sources define building types; however, one 
acceptable source, ?Building Type Definitions? in the Commercial Building Energy 
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Consumption Survey (CBECS) 2003 (EIA, 2006), may be used because it includes 
almost all non-residential building types, categorized as commercial building types.  In 
addition, the survey includes sub-categories that explain building activity in greater detail.  
If the retrofit project narrows down representative building types, the researcher may 
analyze the highest annual energy consumption building types in raw data from such 
sources as the Energy Information Administration (EIA).      
Another way to decide building types and size is to refer to two current 
commercial building models from the U.S. Department of Energy (DOE): Commercial 
Reference Buildings (Deru et al., 2011) and Commercial Prototype Building Models 
(Thornton et al., 2011).  The building models from these two organizations are developed 
in EnergyPlus format and include a wide range of building types, size, and vintage, which 
enable the researchers to use these models directly with minor modifications.  In addition, 
based on principal building activity (PBA) from the EIA, these two organizations? model 
categories cover most commercial building types.   
Commercial reference buildings include fifteen commercial building types and 
one multifamily residential building with three different versions in EnergyPlus format: 
pre-1980 construction, post-1980 construction, and new construction (Table 2.1).  On the 
other hand, commercial prototype building models, including high-rise apartment 
buildings, except supermarkets (Figure 2.1), were developed based on DOE?s 
commercial reference building models (Deru et al., 2011).  Since these building models 
were developed for advancing commercial building energy codes and Standard 90.1, 
there are four different versions in EnergyPlus with ASHRAE Standard 90.1-2004, 90.1-
2007, 90.1-2010, and 90.1-2013 including seventeen climate locations.   
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Since these two current building models represent more than two thirds of the U.S. 
commercial building stock, these models are definitely valuable and may be utilized for 
any general building retrofit project with minor modifications to the building 
characteristics as discussed below.   
 
3.1.2 Identifying Building Characteristics 
Construction elements are one of the important factors in building energy 
simulation.  In building energy simulation analysis, building envelope information, such 
as insulation levels and window properties, has a substantial impact on heat gain or loss, 
which is a function of solar insolation and outdoor conditions.  Also, internal gains and 
building usage schedules influence results of building energy simulations.   
In the first stage of the framework, it is generally better to use detailed 
architectural drawings of the target building if such models are available, and if the 
investigation is aimed at a particular building.  If not, however, after deciding on an 
appropriate building type and size to represent the building(s) of interest, the researcher 
may either create their own energy models with detailed building characteristics or 
employ previous building simulation models such as the current commercial building 
models from the U.S. Department of Energy (DOE).  In fact, if there were no specific 
target buildings, the researchers conducting HVAC retrofit studies is positively 
recommended to use the previously developed building models.  However, there are 
some key variables that must be modified in the previous building models because the 
initial or starting conditions of the selected target buildings may not be consistent with 
the objectives of the study.   
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On the other hand, not all elements need to be changed to the year when the target 
buildings were built even though the focus is on existing (old) commercial buildings.  
Admittedly, the target building itself may be outdated; however, those who occupy the 
building in the present era may have a quite different lifestyle from when the building 
was built.  Moreover, internal loads including lighting levels, equipment loads, and 
operation schedules may have changed since the target building was built.  Without a 
doubt, it is reasonable to have existing and outdated HVAC systems for baseline models 
since the study focuses on HVAC retrofit solutions.      
 
3.1.2.1 Building Envelope 
Appropriately modifying detailed building envelope information is crucial for 
obtaining proper results from the building energy simulations.  The key variables that 
need to be considered in the building envelope are related to the insulation level of 
exterior walls and the roof, window information, and infiltration rates.  If the architectural 
drawings of the target buildings were available together with sufficient time, it is better to 
create detailed simulation models.  However, some target buildings may not have 
architectural drawings available because of reasons such as: the building was built in the 
past or the building owners have lost the documents as time passed, etc.  Hence, 
researchers may refer to other reliable sources to quantify their target buildings.  One of 
the reliable sources is ASHRAE Standard 90.1.  Each version of ASHRAE Standard 90.1 
includes building envelope requirements for different climate zones.  So, researchers can 
first identify their target ?????????s construction year and climate zone, and then, they 
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may apply corresponding building envelope information from ASHRAE Standard 90.1 to 
their target building.  Another acceptable source of information comes from DOE?s 
current commercial building models.  As noted above, these building models include pre-
1980, post-1980, and 2000s construction.  Pre-1980 construction models were developed 
using previous standards and other studies of construction practices (Deru et al., 2011).  
Both post-1980 and 2000s construction models contain building envelope information 
from ASHRAE Standard 90.1 from various years (Deru et al., 2011; Thornton et al., 
2011).  Table 3.1 shows mass wall U-values for all building types in three vintages of 
reference buildings (Deru et al., 2011).   
 
Table 3.1 Mass Wall U-values by Reference Building Vintage 
 
 
3.1.2.2 Internal Loads and Schedule 
As internal loads are a part of building energy consumption, lighting power 
density (LPD), occupant density, plug loads, and all kinds of building related electricity 
Btu/ h·ft2·°F W/m2·K Btu/ h·ft2·°F W/m2·K Btu/ h·ft2·°F W/m2·K
Miami, FL 1A 8A-15 0.23 1.306 1 5.678 0.58 3.293
Houston, TX 2A 8A-10 0.23 1.306 0.34 1.931 0.58 3.293
Phoenix, AZ 2B 8A-18 0.23 1.306 0.41 2.328 0.58 3.293
Atlanta, GA 3A 8A-8 0.225 1.278 0.29 1.647 0.151 0.857
Los Angeles, CA 3B-CA 8A-6 0.23 1.306 1 5.678 0.151 0.857
Las Vegas, NV 3B-other 8A-14 0.23 1.306 0.29 1.647 0.58 3.293
San Francisco, CA 3C 8A-5 0.224 1.272 0.49 2.782 0.58 3.293
Baltimore, MD 4A 8A-25 0.178 1.011 0.12 0.681 0.58 3.293
Albuquerque, NM 4B 8A-23 0.184 1.045 0.19 1.079 0.151 0.857
Seattle, WA 4C 8A-19 0.175 0.994 0.1 0.568 0.151 0.857
Chicago, IL 5A 8A-26 0.156 0.886 0.1 0.568 0.151 0.857
Denver, CO 5B 8A-28 0.161 0.914 0.14 0.795 0.151 0.857
Minneapolis, MN 6A 8A-33 0.145 0.823 0.071 0.403 0.123 0.698
Helena, MT 6B 8A-32 0.145 0.823 0.079 0.449 0.123 0.698
Duluth, MN 7 8A-36 0.136 0.772 0.061 0.346 0.123 0.698
Fairbanks, AK 8 8A-38 0.125 0.71 0.047 0.267 0.104 0.591








use schedules are accounted for in the assessment of internal loads.  Obtaining accurate 
internal loads is also important because they have a direct influence on HVAC system 
demand.  Like building envelope information, it is always better to obtain actual internal 
loads and schedules through a building energy audit.  However, a researcher may employ 
other alternative sources for characterizing their target buildings.  The information of 
LPD and plug loads may be extracted from ASHRAE Standard 90.1 various years.  In 
addition, the researcher may refer to ASHRAE Standard 62 (or 62.1) various years for 
occupancy rates.  Proper values from two Standards may give accurate energy 
consumption of the target buildings.  Other sources are from the ASHRAE Advanced 
Energy Design Guide (AEDG) and DOE?s current commercial building models.  In these 
materials, detailed information for specific building types may be found with different 
climate zones and example case studies.  Table 3.2 and Table 3.3 show typical office 
building?s lighting power and occupant densities.   
 
Table 3.2 Lighting Power Densities Using the Building Area Method for Office Building 
 
 
1989 1999 2001 2004 2007 2010 2013
Lighting Power Density





Table 3.3 Minimum Ventilation Rates for Office Building 
 
       * Outdoor air requirement 
     ** Default combined outdoor air rate (per person): This rate is based on the default occupant density. 
 
All kinds of building operation schedules are important elements in building 
energy simulation and actual building energy usages.  However, there is little data 
available regarding most commonly observed operating schedules (Deru et al., 2011).  
ASHRAE Standard 90.1-1989 Section 13 (ASHRAE, 1989) is one source that includes 
many schedules and other resources that are useful in constructing a baseline energy 
model.  In fact, the schedules in the ASHRAE 90.1 User?s Manual are based on 
ASHRAE Standard 90.1-1989 with minor modifications; however, most versions have 
similar schedules even though the lifestyles have been changing over time.  Similar ly, 
other schedule sources may be found in DOE?s current commercial building models.  The 
schedules in the models are from original ASHRAE Standard 90.1-1989 with 
modification to better represent real building monitoring experiences.  For instance, 
advanced plug and process schedules were applied instead of using lighting schedules for 
equipment (Deru et al., 2011). 
Internal loads and schedules are important factors for building energy simulations.  
Depending on the target building?s condition, outdated or current internal load 
information may be used.  However, if the target buildings were not built recently (within 
20 years), researchers should consider inside building conditions: lighting bulb types, 
1999 2001 2004 2007 2010 2013
Occupant Density
ft2/person (m2/person) 143 (13.3) 143 (13.3) 200 (18.6) 200 (18.6) 200 (18.6) 200 (18.6)
Minimum Ventilationi Rates
cfm/person (L/s/person) 20 (10) 20 (10) 17 (8.5) 17 (8.5) 17 (8.5) 17 (8.5)
Item ASHRAE Standard 62* ASHRAE Standard 62.1**
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appliances energy consumption, computers, and lifestyle of occupancy, which may be 
quite different from the year when the target building was built.     
 
3.1.2.3 Baseline HVAC System 
To complete the baseline SMSCB models it is necessary to understand the nature 
of the existing baseline HVAC system types for the target buildings.  The primary points 
to be considered by researchers are the heating and cooling system types, efficiency, 
control strategies including setpoint and setback temperature, ventilation rates, fan 
information, etc.  In general, the retrofit projects in this work are focused on developing 
HVAC solutions for target buildings. These HVAC retrofit solutions are proposed based 
on their energy savings and cost benefits as compared with baseline HVAC systems.  
Similar to the building envelope information, if HVAC or other mechanical drawings are 
available, they will facilitate the development of accurate building models.  However, if 
such drawings are not available then several other information sources may be used to 
provide detailed HVAC information for the target building.   
The first source is ASHRAE Standard 90.1 from various years, which includes 
equipment type, size category, heating section type, subcategory & rating conditions, and 
minimum efficiency (performance).  Most detailed HVAC information between the 
1980s and present may be found in these documents.  Another source for HVAC 
information prior to the 1980s? is shown in Table 31 from Deru et al.?s study, in this table, 
the equipment efficiencies for pre-1980 constructions are based on analysis of historical 
efficiency data (Deru et al., 2011).     
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3.2 Developing HVAC Retrofit Solutions 
In order to develop appropriate Heating, Ventilating, and Air Conditioning 
(HVAC) retrofit solutions and decision guides, identifying potential HVAC retrofit 
measures and prioritizing HVAC technologies is one of the major tasks in this study.  In 
this section, existing or new HVAC technologies, which may be readily installed into 
existing small- and medium-sized commercial buildings (SMSCB) may be found from 
previous research conducted by the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) and other laboratories.  Also, the Prioritization Tool 
from the U.S. Department of Energy (DOE) is utilized to decide which HVAC solutions 
are effective in terms of energy savings and cost benefits for specific building types and 
climate zones.  
Steps for identifying and prioritizing HVAC retrofit measures are listed below: 
(1) Collect and categorize a list of HVAC retrofit measures 
(2) Map HVAC measures to appropriate building types and climate zones 
(3) Select HVAC measures based on potential effectiveness of energy 
savings for building type and climate zone 
(4) Develop and model the HVAC retrofit solutions  
 
3.2.1 Identifying HVAC Retrofit Measures 
Various HVAC retrofit options are available for small- and medium-sized 
commercial buildings (SMSCB).  However, each HVAC technology has its owned 
characteristics for specific construction types and climate zones.  In this stage, all of the 
potential HVAC retrofit measures are collected and identified for target buildings and 
42 
 
climate zones.  In order to complete this work, a researcher may employ their own 
technologies or refer to prior research.  A series of Advanced Energy Design Guides 
(AEDG) provides a variety of design strategies and recommendations for achieving 
energy savings over the minimum code requirements by climate zone.  In each ASHRAE 
AEDG report, HVAC retrofit measures are recommended for eight different climate 
zones.  Although these documents were prepared principally for new construction energy 
efficiency, the prescriptive list of equipment options and requirements for HVAC systems 
can also be considered for retrofit projects.  Therefore, the researchers may select a list of 
appropriate HVAC measures for a target building by matching up with the ASHRAE 
climate zones.  For example, if the target building is located in Houston, TX, the Climate 
Zone 2 Recommendation Table will be utilized.  The list of HVAC measures from the 
Climate Zone 2 Recommendation Table is shown in Table 3.4 which is from the 
Advanced Energy Design Guide (AEDG) for Small to Medium Office Buildings 
(ASHRAE et al., 2011c).   
Also, HVAC retrofit measures may be obtained from a series of Advanced Energy 
Retrofit Guides (AERG).  In this documents, retrofit measures are recommended as a 
package in five different climate zones; however, HVAC retrofit measures with detailed 
explanations can be found in both standard and deep retrofit levels.   
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Table 3.4 Example HVAC List of Climate Zone 2 Recommendation Table for Small to 
Medium Office Buildings from AEDG (ASHRAE et al., 2011c) 
 
 
Another source that lists HVAC retrofit technologies is found in DOE?s 
Prioritization Tool (Farese et al., 2012).  In the Prioritization Tool (P-Tool) Input Table, 
the list of available technologies includes over 400 entries for both residential and 
commercial buildings and contains 54 measures related to commercial building HVAC 
Item Component Recommendation
Cooling and heating efficiency See Table 5-8 for efficiency
ESP 0.7 in. w.c.
DOAS air-source heat pump Yes
DOAS heating and cooling efficiency See Table 5-10 for efficiency
DOAS energy recovery Yes, see Table 5-11 for effectiveness
????????????? 1.5 in. w.c. maximum
DX efficiency See Table 5-9 for efficiency
Low-temperature air supply and SAT reset 50°F to 58°F
Perimeter convector heat source Electric 






Energy recovery Yes, see Table 5-11 for effectiveness
Indirect evaporative cooling Climate zone 2B only
Demand control and ventilation reset Yes
ESP 2.0 in. w.c.
Air-cooled chiller efficiency 10 EER
Air-cooled chiller IPLV ???????????????????????????????????????????
Variable-speed pumping Yes
Maximum fan power 0.72 W/cfm
Air-cooled chiller full-load efficiency 10 EER
Air-cooled chiller IPLV ???????????????????????????????????????????
Condensing boiler efficiency 90%
DOAS heating and cooling efficiency See Table 5-10 for efficiency
DOAS variable airflow with DCV Yes
DOAS energy recovery Yes, see Table 5-11 for effectiveness
????????????? 1.5 in. w.c.
OA damper Motorized damper
Friction rate 0.08 in./100 ft






















technology in 6 categories.  Accordingly, other verified decision-making tools may be 
used to ensure confidence in selecting HVAC retrofit solutions for proposed SMSCB.  A 
list of identified HVAC technologies from P-Tool is shown in Table 3.5. 
 
Table 3.5 HVAC Measures for Commercial Building (Farese et al., 2012) 
 
  
1  Use displacement ventilation in new buildings
2  Switch ventilation from CAV to VAV
3  Use VAV insulation instead of CAV
1  Develop air-conditioning systems customized for hot-dry climates
2  Develop low-lift cooling
3  Develop magnetic bearings for chillers and RTUs
4  Develop more efficient centrifugal chillers
5  Develop most efficient (i.e., IEER 20) roof top unit (RTU)
6  Develop thermoelectric sub cooling for commercial RTUs 
7  Develop thermotunneling cooling systems
8  Improve evaporator fan efficiency in all A/C units
9  Improve scroll compressor efficiency
10  Increase efficient of roof-top units (i.e., current DOE RTU-challenge specification)
11  Increase use of ice-storage systems to shift A/C operation to periods with lower ambient temperature
12  Install chilled beams in temperate climates
13  R&D to reduce cost of adsorption chiller A/C
14  Research magnetic cooling for air-conditioning
15  Right-size A/C in new buildings
16  Steam-clean A/C coils regularly for improved performance 
17  Upgrade to most efficient centrifugal chiller available
18 ?????????????????????????????????????????????????????????????
19  Use desiccant-enhanced 82% evaporative cooling (e.g., DeVAP) in dry climates
20  Use desiccant-enhanced evaporative cooling (e.g., DeVAP) in humid climates
21  Use liquid desiccant air conditioning in humid climates
22  Use Maisotsenko cycle cooling (e.g., Coolerado) in cold- and mixed-dry climates
23  Use Maisotsenko cycle cooling (e.g., Coolerado) in hot-dry climates
24  Use multiple-small plate (MSP) technology to dehumidify
25  Use spray-cooled evaporators for packaged A/C





Table 3.5 Continued. 
 
 
3.2.2 Evaluating Collected HVAC Retrofit Measures 
As has been noted, potential HVAC retrofit measures for SMSCB are collected 
and identified from previous research.  To narrow down the HVAC retrofit technology 
options for each application, energy effectiveness of each technology may be ranked for 
different climate zones.  By evaluating each HVAC retrofit measure for climate zones 
with peer review or expert interviews, appropriate HVAC retrofit technologies can be 
selected.  During the evaluation process, experts? or ?????????? knowledge and 
1  Add stack economizer to boilers
2  Increase use of most efficient (i.e., max-tech) furnaces & boilers
3  Reduce heater oversizing
4  Replace large-capacity boilers with cascaded-multiple boilers
5  Increase efficiency of circulator pumps
1  Develop and deploy dual (i.e., air and ground) source heat pumps (FS only) 
2  Develop and deploy dual (i.e., air and ground) source heat pumps (no FS)
3  Develop and deploy gas-engine driven heat pumps (FS only)
4  Research and develop gas-powered (e.g., GAX, gas-engine) heat pumps
5  Develop integrated heat pumps (i.e., heating, cooling, and hot water) (FS only)
6  Develop integrated heat pumps (i.e., heating, cooling, and hot water) (no FS)
7  Reduce cost of ground source heat pumps (FS only)
8  Reduce cost of ground source heat pumps (no FS)
1  Improve duct routing practices in new buildings
2  Increase duct insulation from R-4 to R-8 in new buildings
3  Seal ducts in existing buildings 
4 ??????????????????????????????????????????????
5  Use best available duct sealing (i.e., beyond codes) in existing, large buildings 
6  Use best available duct sealing (i.e., beyond codes) in existing, small buildings 
7  Use best available duct sealing (i.e., beyond codes) in new, small buildings 
8  Use low pressure drop air filters in ducted systems
1  Further increase use and performance of dedicated outdoor air systems (with Energy recovery)
2  Install energy recovery ventilators (ERV) in new buildings 
3  Use desiccant wheels in hot humid climates
4  Install demand ventilation (e.g., CO2 sensing)
HVAC: OA and Heat Recovery
HVAC: Heating




understanding of HVAC measures are unquestionably important to decide optimum 
HVAC retrofit solutions.  In other words, their improper discernment may cause a failure 
of HVAC retrofit projects that should achieve energy savings and provide cost benefits 
with proposed technologies.  An example from previous work can be found in the 
following study (Jeon & Horton, 2016).  The ranking scores range from 1 to 5, 
corresponding to ?not effective? to ?very effective?, respectively.  All project team 
members ranked the table of retrofit options and an average score was computed.  The 
final averaged scores for ASHRAE climate zone 1 and 2 are shown in Table 3.6. 
 
Table 3.6 List of HVAC Retrofit Technologies Evaluated (Jeon & Horton, 2016) 
 
 
Climate Zone 1 Climate Zone 2
1 Switch from CAV to VAV Air distribution 4 4
4 High efficiency evaporator fan in AC units Air distribution 2.75 3
7 Chilled beams in temperate climates Air distribution 2.5 3
14 Best available duct sealing in exist building retrofit Air distribution 3.5 3.5
15 Low pressure drop air filters in ducted systems Air distribution 3.5 3.5
43 Move to standardize PSC motors in commercial blowers Air distribution 3.25 3.25
2 Customized AC system for hot-dry climates Cooling 2 2.25
3 High efficiency vapor compression cycle in AC units Cooling 2.25 2.75
9 Use desiccant-enhanced evaporative cooling in both dry and humid climates Cooling 1.75 2.25
10 Liquid desiccant AC in humid climates Cooling 2.25 2.75
12 Use spray-cooled evaporators for packaged A/C Cooling 1.75 2.75
13 Used sprayed mesh to improve A/C efficiency Cooling 1.5 2.25
5 High eficiency RTU system Cooling and heating 4.25 4.25
6 Energy storage shift A/C operation periods Cooling and heating 3.25 3.5
11 Maisotsenko cycle cooling (e.g., Coolerado) in hot-dry, cold- and mixed-dry climateCooling and heating 2.75 3
20 Use integrated heat pumps (heating, cooling and hot water) Cooling and heating 3 3.5
21 Use ground source heat pumps (EER 42.1 by ClimateMaster) Cooling and heating 3.75 3.75
22 Use dual source (air and ground) heat pumps Cooling and heating 4 4
23 Use gas engine driven heat pumps Cooling and heating 2.25 2.25
33 Variable refrigerant flow HVAC system Cooling and heating 3.5 3.5
34 High efficiency Multi-split AC units Cooling and heating 3.25 3.75
45 ????????????????????????????????????????????????????????????????????????????Cooling and heating 3.5 3.5
46 Develop and deploy the ThermoLift natural-gas-driven HP. "For heating, the ThermCooling and heating 2.75 2.75
8 Right-size A/C units and heaters for retrofit Design 4.25 4.25
29 Increased subdivision of building spaces for improved zone thermal control Design 4 4
16 High efficiency hot water circulation pumps Heating 3.75 3.75
17 Add stack economizer to boilers Heating 3.75 3.75
# HVAC Technology Option Description Category Likely Energy Effectiveness
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3.2.3 Selecting HVAC Retrofit Solutions 
The next step is to develop HVAC retrofit solutions with the evaluated and 
selected technologies for target SMSCB.  Based on the effectiveness scores and the 
baseline HVAC system configurations, the most effective technologies were selected to 
form different permutations or packages for each specific type of building.  In order to 
obtain higher HVAC performance, multiple technologies may be combined together 
using engineering and professional judgment.  The technology packages are configured 
considering compatibility issues also.  At each level, technologies that are compatible 
with each other can be placed in the same group, whereas incompatible technologies may 
be placed in separate groups. 
 
3.3 Analyzing Building Energy Simulation  
After selecting both the baseline SMSCB type and the appropriate HVAC retrofit 
solutions in the first two steps, the next stage of the framework is the actual analysis of 
the proposed technologies using building energy simulation software.  When selecting an 
??????? ?? ???????? ?????? ??? ???? ??? ??????? ?????? ??? ?? ????????????? ??????? ?????????
preference, normally.  ???????????????? ?? ????????????????? ????????????? ?????????? ??????
include an engineering background, a knowledge of building science and technology, and 
an understanding of HVAC system characteristics, is important to obtain accurate 
performance of proposed HVAC retrofit solutions.  Although different energy simulation 
tools exist in the building industry it is strongly required to utilize one that has an ability 
to modify or apply HVAC retrofit measures easily and accurately.   This can be helpful to 
reduce time and efforts when developing energy model with complex retrofit mechanical 
48 
 
systems.  Also, the simulation professionals need to consider the capability of their 
simulation programs.  Applying all the selected HVAC measures to the simulat ion 
program may be difficult in specific circumstances because some of the new HVAC 
retrofit technologies are not available in current simulation program libraries.  
When evaluating the benefits of HVAC retrofit solutions, savings are calculated 
based on energy differences between the baseline energy use (pre-retrofit) and the post-
retrofit energy use (Equation (3.1)).  In order to obtain correct energy savings estimates, 
the researcher must ensure accurate performance of both individual retrofit measures as 
well as complete retrofit packages. Once the HVAC retrofit options are modeled properly, 
annual energy simulations may be performed to evaluate the effectiveness of HVAC 
retrofit solutions.    
 
 ?????????????? ? ??????????????????? ? ????????????????????????  (3.1) 
 
3.4 Evaluating HVAC Retrofit Solutions 
The last stage of the framework is to evaluate the economic benefits of the 
proposed HVAC retrofit solutions for selected SMSCB.  The most effective HVAC 
retrofit solutions for proposed SMSCB may be recommended based on results of both the 
annual energy savings and installation cost benefits.  The achievement of energy savings 
is a fundamental goal in the retrofit project; however, cost benefits may affect a 
??????????????????????????????? ???????????????????????? ?????? ?????????????? ???????? ???????
economic analysis are both installation and operating cost of the proposed HVAC 
solutions for proposed SMSCB.  There are different economic analysis methods: simple 
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payback, Net Present Value (NPV), and Life-Cycle Cost (LCC), etc.  The project 
??????????? ???? ??????? ???? ???????????? ????????? ??????? ?????? ??? ???? ??????????






CHAPTER 4. APPLICATION OF THE NEW SMSCB FRAMEWORK ON HVAC 
RETROFIT SOLUTIONS 
In this chapter, the framework that was developed in the previous chapter is  
applied to a real project, which covers the entire U.S.  This project is based on work 
supported by the Consortium for Building Energy Innovation (CBEI) sponsored by the 
U.S. Department of Energy.  A summary of this chapter has also been published in the 
report (Taylor et al., 2016).  The objective of this study was to evaluate and select HVAC 
retrofit solutions for the highest energy consuming small- and medium-sized commercial 
buildings across the U.S. providing 50% HVAC energy savings with a payback of less 
than 4 years with available incentive programs.  The modeling tool used in this study was 
EnergyPlus.  This case study is intended to demonstrate how the framework is 
appropriately applied to a real HVAC retrofit project.   
 
4.1 Prototypical SMSCB Baseline Models 
4.1.1 Target Building Type 
One of the most important tasks in this study is to develop target building types.  
By extracting detailed information from CBECS 2003 database, it is possible to narrow 
the number of building types instead of utilizing entire reference commercial buildings.  
This section will cover how to decide prototypical SMSCB types with CBECS 2003 
database.    
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4.1.1.1 Prototypical Small- and Medium-Sized Commercial Building Types 
Target retrofit building types were identified based on results of the CBECS 2003 
database.  Six building types including mercantile, office, education, food service, 
lodging, and food sales were selected from among the Principal Building Activity (PBA) 
categories.  Since small- and medium-sized commercial buildings (SMSCB) are defined 
as having less than 200,000 square feet in this study, eleven target buildings were chosen 
from within those six building types (Table 4.1).   In fact, these target buildings with 
exception of the convenience store are included in both DOE?s Commercial Reference 
Buildings and the Commercial Prototype Building Models.  Additionally, these six 
building types consume 50% of the energy used in all commercial buildings, which 
corresponds to 6,523 trillion Btu.  In order to select the target building types, several 
steps of data analysis on CBECS 2003 were conducted. 
 
Table 4.1 Selected Target Buildings 







Education Primary School 
Food Service 
Quick Service Restaurant 









First, the total consumption of all major fuels for the SMSCB in each Principal 
Building Activity (PBA) across the entire U.S. was extracted from CBECS 2003. Table 
4.2 contains the detailed major fuel consumption for each PBA with different categories 
of building floor space.  Also, the results demonstrate that energy consumption of 
SMSCB covers about 75% of the energy consumption of all commercial buildings, which 
corresponds to 6,523 trillion Btu.  Therefore, it is of great importance to investigate 
SMSCB retrofit opportunities.  The highlighted areas in Table 4.2 are plotted in Figure 
4.1.  Different rank order of building types based on the highest energy consumption can 
be found in Figure 4.1 when two different floorspace ranges, all commercial buildings 
and SMSCB, are applied.     
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A ranking of the seven highest energy consuming buildings among all 
commercial buildings, and for SMSCB is shown in Table 4.3. Six of the different 
building types exist in both categories with exception of Health Care (in the ?all 
commercial building??? ????????? and Public Assembly (in ?????SMSCB? category).    
 
Table 4.3 Ranking of Principal Building Activity for Both All Commercial Building and 
SMSCB with the First Seven Highest Energy Consumption  
Rank ??????????????? ????????? ????? 
? ?????? ?????????? 
? ?????????? ?????? 
? ????????? ????????? 
? ??????? ???? ???????????? 
? ??????? ??????? 
? ?????????? ??????????? ??????? ???????? 
? ???????????? ?????????? ??????????? 
 
4.1.1.2 Prototypical SMSCB Types by Regions 
Since seven building types were proposed in the first step, the second step will 
provide information as to which building type is the highest energy consumer in each 
region across the U.S.  Figure 4.2 contains a map of U.S. Census Regions and Divisions.  





food service.  In Table 4.5, the red text indicates that these building types do not overlap 
in all regions.       
 
Table 4.4 Major Fuel Consumption of PBA in Each Region  
 
 
Table 4.5 Ranking of the Most Energy Consumption Building Type in Each Region 
 
Northeast Midwest South West SMSCB Total
Education 141 156 277 113 688
Food Sales 59 70 91 30 251
Food Service 47 99 216 65 427
Health Care 22 62 91 42 217
     Inpatient 11 19 65 12 106
     Outpatient 11 43 27 30 110
Lodging 67 112 109 47 335
Mercantile 124 181 357 171 834
     Retail (Other Than Mall) 38 90 111 59 297
     Enclosed and Strip Malls 86 91 247 113 537
Office 174 231 193 129 727
Public Assembly 90 74 96 53 312
Public Order and Safety 25 22 36 10 93
Religious Worship 33 59 56 14 162
Service 56 98 64 52 271
Warehouse and Storage 40 136 81 28 284
Other 84 35 82 24 225
Vacant 12 18 7 6 42
Total 973 1,352 1,758 783 4,866
Principal Building Activity
Sum of Major Fuel Consumption for SMSCB 
[trillion Btu]
Rank Northeast Midwest South West
1 Office Office Mercantile Mercantile
2 Education Mercantile Education Office
3 Mercantile Education Food Service Education 
4 Public Assembly Warehouse Office Food Service




the office building type was ranked 4th in zone 4 and 5, evaluating retrofit opportunities 
for office buildings is definitely as crucial as doing food service buildings.  Red text in 
Table 4.7 indicates non-overlapped building types in each climate zone.   
 
Table 4.6 Major Fuel Consumption of PBA in Each Climate Zone 
 
 
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 SMSCB Total
Education 97 196 107 171 117 688
Food Sales 51 72 47 52 29 251
Food Service 52 96 54 134 91 427
Health Care 38 55 23 71 30 217
     Inpatient 9 25 6 54 12 106
     Outpatient 29 29 17 18 17 110
Lodging 56 120 61 64 34 335
Mercantile 144 201 124 208 157 834
     Retail (Other Than Mall) 73 63 48 71 42 297
     Enclosed and Strip Malls 71 138 75 137 115 537
Office 124 254 144 116 89 727
Public Assembly 64 68 65 88 26 312
Public Order and Safety 24 25 15 22 6 93
Religious Worship 26 62 26 31 17 162
Service 93 73 36 49 20 271
Warehouse and Storage 43 108 62 49 24 284
Other 24 88 44 63 6 225
Vacant 11 14 13 2 1 42
Total 848 1,431 821 1,118 648 4,866
Sum of Major Fuel Consumption for SMSCB 
[trillion Btu]Principal Building Activity
59 
 
Table 4.7 Ranking of the Most Energy Consumption Building Type  
in Each Climate Zone 
 
 
4.1.1.4 Prototypical SMSCB Types by Year Constructed 
In the final step for selecting the appropriate target building types for use in this 
study, it is important to choose which vintage of building model will apply.  In the 
CBECS 2003 database, it is possible to extract both annual energy consumption and the 
number of building types that exist by year of construction.  In Figure 4.4, the graph 
shows the highest annual energy consumption for buildings constructed between 1970 
and 1999.  Annual energy consumption of SMSCB built in these three decades covered 
56.4% of all SMSCB annual energy consumption.  Also, Figure 4.5 shows the number of 
buildings by year of construction.  In this graph, more than half of buildings (50.8%) 
were constructed between 1970 and 1999.  Accordingly, these two results give credibility 
to the idea of using DOE?s post-1980 reference building models as the baseline model.    
 
Rank Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
1 Mercantile Office Office Mercantile Mercantile
2 Office Mercantile Mercantile Education Education
3 Education Education Education Food Service Food Service
4 Service Lodging Public Assembly Office Office




Figure 4.4 Annual Energy Consumption by Year Constructed 
 
 




































































different climate zones were considered.  The five highest energy consumption locations 
were chosen in the beginning.  However, West-Zone 4 was included for diversity even 
though the annual energy consumption for West-Zone 4 ranked outside of the top five.  
These six combinations of regions and climate zones consume 47.3% of energy usage 
(2,304 trillion Btu) of SMSCB.  Figure 4.7 shows the annual energy consumption for the 
six proposed building types by region and climate zone. 
 
 
Figure 4.7 Annual Energy Consumption for Three Proposed Building Types  
by Regions and Climate Zone 
 
Table 4.8 shows the rank order of highest energy consumption by region & 
climate zone and their representative cities. These representative cities were determined 
based on population according to the 2010 U.S. Census (U.S. Census Bureau, 2012).  
Cities with the highest population in each region and climate zone, except for Midwest-
Zones 1 and 2, were selected for use as representative weather data input to the building 
simulation.  Obviously, Milwaukee and Chicago are the highest population in Midwest-











































































4.1.3 Baseline HVAC System Characteristics 
The next step is to identify appropriate baseline HVAC systems for each of the 
proposed buildings.  According to the CBECS 2003 database, there are seven different 
heating systems and eight different cooling systems in the building questionnaire.  The 
list of heating and cooling equipment types is shown in Table 4.9.  Even though there was 
terminology confusion reported amongst some of the responders to the CBECS 2003 
questionnaire (Winiarski et al., 2006), the data analysis for this project was performed as-
is. 
 
Table 4.9 List of Heating and Cooling Equipment Types in CBECS 2003 (EIA, 2006) 
Heating Equipment Types Cooling Equipment Types 
Furnaces that heat air directly, without 
using steam or hot water 
Residential-type central air 
conditioners, other than heat pumps, that 
cool air directly and circulate it without 
using chilled water 
Boilers inside the building that produce 
steam or hot water 
Central chillers inside the building that 
chill water for air conditioning 
Packaged heating units, other than heat 
pumps 
Packaged air conditioning units, other 
than heat pumps 
Individual space heaters, other than heat 
pumps 
Individual room air conditioners, other 
than heat pumps 
Heat pumps Heat pumps for cooling 
District steam or hot water piped in 
from outside the building 
District chilled water piped in from 
outside the building 
Other heating equipment Other cooling equipment 




Based on the database analysis, heating and cooling systems were determined 
according to both building type and climate zone.  Although most of the heating and 
cooling configurations were reasonable in terms of their physical configuration, there 
were a few building types and climate zones where the system configuration was not 
reasonable based solely on the CBECS database.  For example, for office buildings in 
South-Zone 4, a heat pump heating system is listed as the dominant type for heating 
equipment, while a packaged A/C unit is dominant for cooling equipment.  Since heat 
pumps can provide both heating and cooling, this specific scenario was modified so that a 
heat pump system provides both heating and cooling in the baseline model.  In addition, 
hotels may have two different HVAC characteristic since they contain both public spaces 
and guest rooms (Deru et al., 2011).  In this study, packaged multizone systems with 
constant air volume (CAV) or variable air volume (VAV) delivery were selected for 
serving public spaces, and individual packaged terminal units were chosen for guest 
rooms.  Figure 4.9 and Figure 4.10 show the dominant HVAC system for office buildings 
in each region and climate zone.  Dominant HVAC systems for other proposed buildings 





Figure 4.9 Number of Office Buildings with Each Heating Equipment 
 
 
Figure 4.10 Number of Office Buildings with Each Cooling Equipment 
 
In the CBECS 2003 database, detailed heat pump systems and types of heat pump 
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Furnaces that heat air directly
Boilers inside the building
Packaged heating units
Individual space heaters
Heat pumps for heating
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Heat pumps for cooling
District chilled water piped in
Central chillers inside the building




In this study, three building types, office and education in South-Zone 4, and food sales 
in Northeast-Zone 2, have heat pump systems.  In Figure 4.11 and Figure 4.12, the graph 
shows the dominant heat pump systems and types for office and education in South-Zone 
4; and the major heat pump system and type for food sales in Northeast-Zone 2 is shown 
in Figure 4.13. 
 
 
Figure 4.11 Dominant Heat Pump System & Type for Office at South-Zone 4 
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Figure 4.13 Dominant Heat Pump System & Type for Food Sales at Northeast-Zone 2 
 
Since detailed HVAC systems are determined from previous data analysis, major 
heating source for each HVAC system may also be filtered from CBECS 2003.  
Identifying the major heating source is important because source energy price will have a 
significant impact on the economic analysis.  Figure 4.14 and Figure 4.15 show office 
???????????????????????????????????????????????????????????????????????????????????????
is the most dominant heating source for cold regions.  On the other hand, office and 
education buildings located in South-Zone 4 and 5, where cooling is more important than 
heating, employ electricity for their heating source.  Moreover, the major heating source 
of the other proposed buildings are illustrated in Appendix A (Figure A.11 to Figure 
A.14). 
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Figure 4.14 Major Heating Source for Office Building in Each Region and Climate Zone  
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A detailed analysis of the raw data was conducted to select the baseline main air 
distribution systems for each building type since the air distribution system is an 
important contributor to HVAC energy consumption.  In this study, air distribution 
systems for each proposed building type were selected using several criteria: region and 
climate zone; heating and cooling equipment; and floorspace within 1,001 ? 200,000 
square feet.  Figure 4.16 and Figure 4.17 show the dominant air distribution system for 
mercantile and education building types.  In both figures, CAV (Constant Air Volume) 
systems are the dominant system for most regions and climate zones in both number of 
buildings and total conditioned floorspace.  However, air distribution systems for 
mercantile and education in West-Zone 4 are different.  For mercantile in West-Zone 4, 
the CAV system is dominant when sorted according to building floorspace; however, 
VAV (Variable Air Volume) systems are dominant when sorted based on the number of 
buildings (Figure 4.16) that employ such systems.  In addition, for education buildings in 
West-Zone 4, VAV is the dominant air distribution system in both the number of 
buildings and conditioned floorspace, as shown with a red dot in the box in Figure 4.17.  
Air distribution system analyses for other proposed buildings are presented in Appendix 
















































































Figure 4.17 Air Distribution System for Education in Each Region and Climate Zone 
 
4.1.4 Completion of Baseline Energy Model 
After determining the appropriate prototypical building types and then pairing 
them with their appropriate baseline HVAC systems and representative cities, the next 
step is to develop the baseline energy models for existing SMSCB in EnergyPlus.  Even 
though DOE?s post-1980 reference building models (Deru et al., 2011) are utilized as 
base models of prototypical SMSCB, they still need to be modified because these 
reference building models have outdated occupancy and operating schedules which are 
consistent with previous ASHRAE Standard 90.1-1989 (ASHRAE, 1989).  Obviously, 
post-1980 reference building models do not reflect existing commercial buildings in the 










































































based on several assumptions.  The idea behind these assumptions is that the building 
physical parameters remain the same as when they were constructed (e.g. post-1980 
construction models), while lighting power density, plug load, and occupancy levels are 
modified to reflect a current lifestyle.  Assumptions are described in Table 4.10 and 
detailed model inputs of proposed baseline buildings are shown in Appendix A (Table 
A.1 to Table A.33).  Also, Table 4.11, Table 4.12, and Table 4.13 show simulation 
matrices of proposed baseline building models including baseline HVAC systems and 
representative cities. 
 
Table 4.10 References for Building Simulation Model Input 
Building Model Parameters References 
Envelope 
Exterior walls 





Outdoor Air Requirement ASHRAE Standard 62-1999 (ASHRAE, 1999) 
Lighting ASHRAE Standard 90.1-2001 or 2004  (ASHRAE, 2001, 2004) 
Plug Load 
90.1-2013 User's Manual (ASHRAE, 2014), 
 Commercial Prototype Building Models  
(Thornton et al., 2011) 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.1.5 Baseline Model Validation 
After developing the baseline energy models, it is important to confirm that they 
provide reasonable simulation results.  As has been noted above, the current DOE 
reference building models do not represent existing commercial building usage 
characteristics in the present era.  Since the baseline models have been updated with more 
appropriate internal gains and operating schedules it is also important to verify that the 
annual energy consumption predictions are consistent with current energy use intensity 
indices to provide confidence in the predictive capability of the models.  Figure 4.18 and 
Figure A.19 (Appendix A) show the EUI (Energy Use Intensity) comparison between 
baseline models and CBECS 2003 data.  Red bars show the EUI for each of the baseline 
models while blue bars indicate nationwide average values including minimum and 
maximum EUI??? ????? ????????????.  Also, Figure A.20 to Figure A.24 in Appendix A 
show annual energy consumption comparisons ???????? ????????? ??????? ???? ??????
reference building models.  The supermarket baseline model is compared against the 
NREL reference model because there is no PNNL supermarket building model (Figure 
A.24).  Since a convenience store reference model does not exist, the convenience store 
EUI of CBECS 2003 was utilized as a reference (Figure A.25) for validation.   
The results show that annual energy consumption of the majority of building 
types are well within the energy consumption scope of the DOE reference buildings.  In 
addition, the EUI of the convenience store model is well matched to the CBECS 2003 




Figure 4.18 Baseline Energy Model EUI Comparison with CBECS 2003 (Office and 
Mercantile) 
 
4.2 HVAC Retrofit Solutions 
To achieve the objectives of this project, selecting appropriate HVAC retrofit 
options for each of the target buildings is meaningful work.  Basically, it is assumed that 
the proposed retrofits will be applied at the end-of- life of the baseline system so that the 
?standard retrofit? can be considered as a sunk cost required to maintain the desired level 
of service in the building.  That is to say, without performing a retrofit the building would 
have no functioning HVAC system at all.  Therefore, in this section, how to identify 







































































technologies will be explained to propose the right HVAC retrofit op tions for each of the 
building types.   
  
4.2.1 Identifying and Evaluating HVAC Retrofit Measures 
To collect and identify possible HVAC retrofit measures for target buildings, 
previous studies were observed.  The sources of information are list below: 
? ASHRAE Advanced Energy Design Guides (AEDGs) ? Achieving 30% 
Energy Savings Toward a Net Zero Energy Building (ASHRAE et al., 
2004, 2006, 2008a, 2009a)  
? ASHRAE Advanced Energy Design Guides (AEDGs) ? Achieving 50% 
Energy Savings Toward a Net Zero Energy Building (ASHRAE et al., 
2011a, 2011b, 2011c, 2015) 
? Advanced Energy Retrofit Guides (AERGs) ? Practical Ways to Improve 
Energy Performance (Hendorn et al., 2013a, 2013b, Liu et al., 2011a, 
2011b) 
? DOE?s Prioritization Tool (BTO, 2012; Farese et al., 2012) 
Since this case study is focused on six different representative cities, it was better 
to separate out the potential HVAC retrofit technologies by location (climate zone). 
Actually, ASHRAE AEDGs and AERGs provide HVAC technology recommendations 
by climate zone.  This information was also useful when evaluating the HVAC measures.  
???????? ??????? ???? ??????????? ????? ????????? ???????? ???? ?????? ??????????????? ???????
This document shows a list of technologies and metrics including performance, cost, and 
market prediction.  Inside P-Tool, HVAC measures can be found by sorting on building 
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types (residential, commercial, or industry), HVAC system, and energy savings, etc.  
There are more than 400 technologies for both residential and commercial buildings and 
54 measures for commercial building were listed in 6 categories.  In this study, most of 
the HVAC technologies were derived primarily from the DOE P-Tool HVAC technology 
list and non-overlapping measures were added from other studies.    
After identifying the HVAC retrofit measures, the energy effectiveness of each 
collected HVAC retrofit measure was ranked to reduce the total number of measures that 
need to be analyzed.  Also, this evaluation process helps to identify which HVAC retrofit 
measures will exhibit better performance in the different climate zones.  In the evaluation 
form that was sent out to HVAC experts, the ranking scores range from 1 to 5, 
corresponding to ?no effect?? to ?very effective?, respectively.  Once all of the 
respondents scored each HVAC retrofit measure an average score was computed. The 
collected HVAC measures and final effectiveness rating averaged scores for the different 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.2.2 Selecting HVAC Retrofit Solutions 
Each of the HVAC technologies from the previous step was grouped by the five 
different ASHRAE climate zones.  HVAC technologies with a higher score (over 3.75) 
were filtered and kept for further analysis within each climate zone group.  Also, the 
master technology list was then filtered according to building type to remove 
technologies that were unlikely to be applicable to that building type and to remove 
technologies that cannot be simulated with EnergyPlus without substantial modifications 
or approximations.  The result of the filtering is a unique HVAC retrofit technology list 
that is applicable to each building type.  Finally, based on the effectiveness scores and the 
baseline HVAC system configurations, the most effective technologies were selected to 
form different permutations for each specific type of building.  HVAC system retrofit 
packages were developed by identifying those technologies that are compatible with 
other technologies on the list.  The incompatible items were primarily found within the 
technologies representing major system types; e.g. a ground source heap pump would not 
be applied along with a VRV (variable refrigerant volume) system.  A group of selected 
example HVAC measures for ASHRAE climate zone 5 is shown in Table 4.15.  In 
addition, an example of different HVAC technology combinations for an office in climate 
zone 5 is shown in Figure 4.19.  In this combination map, there are nine branches; and 
measures on each branch can be selected to develop potential HVAC retrofit solutions.  
HVAC technologies and combination maps for other building types are shown in 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.19 A Combination Map of HVAC Technologies for Office Buildings 
in ASHRAE Climate Zone 5 (Houston, TX) 
 
4.3 Building Energy Simulation 
The main purpose of the case study is to evaluate suitable HVAC solutions of 





























energy savings, EnergyPlus, which is the official building energy simulation program of 
the U.S. Department of Energy was used as the primary energy simulation tool.  Since 
one of the capabilities of EnergyPlus is a component-based HVAC modeling feature, this 
program facilitates the application and simulation of the suggested HVAC retrofit 
measures.  Also, it is required to verify that the app lied HVAC measures perform as 
expected.  Detailed user definable output reports with selectable time periods from annual 
to sub-hourly in EnergyPlus enable to verify whether applied HVAC retrofit systems 
perform correctly.  Therefore, in this section, several points that need to be considered 
when using EnergyPlus will be addressed during the building energy simulation process.   
As one of the HVAC retrofit options, HVAC standard retrofit, which is replacing 
baseline HVAC equipment without changing the system configuration, will be included.  
In this manner, new HVAC equipment complies with latest ASHRAE Standard 90.1-
2013 (ASHRAE, 2013a).  Subsequently, the remaining technologies and proposed 
HVAC retrofit solutions will be analyzed and all the EnergyPlus simulation results with 
different HVAC retrofit technologies will be described. 
 
4.3.1 Standard Retrofit Energy Models 
The appropriate standard retrofit HVAC system was modeled in EnergyPlus for 
each climate zone as shown in Table 4.11, Table 4.12, and Table 4.13.  It was assumed 
that the standard retrofit practice is to simply replace existing HVAC systems at end-of-
life with similar equipment that just meets current energy efficiency performance 
standards.  In addition, other measures such as supply fan total efficiency and the 
economizer were upgraded during the standard retrofit. Parameters for the HVAC 
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standard retrofit for small office buildings are shown in Table 4.16.  Each EER (Energy 
Efficiency Ratio) value of the baseline model and the standard retrofit model were taken 
from ASHRAE Standard 90.1-1989 and 90.1-2013, respectively.  The parameters of the 
HVAC standard retrofit for other buildings are described in Table C.1 to Table C.10. 
In EnergyPlus, the rated power consumption of the supply fan is not included in 
?????????? COP.  Therefore, the COP input in EnergyPlus needs to be adjusted according 
to Equation (4.1) (Thornton et al., 2011).  In this study, a fan power ratio of 0.12 is 





? ??  
(4.1) 




Table 4.16 Parameters of HVAC Standard Retrofits for Small Office Buildings 
 
 
4.3.2 Application of Retrofit Packages  
The proposed packaged retrofit HVAC systems were modeled in EnergyPlus for 
each climate zone as described in Table B.1 to Table B.9.  One of the major points to be 
considered is the use of HVAC Template objects in EnergyPlus.  Employing this feature 
eases and facilitates the application of different HVAC systems by creating and 
distributing all the HVAC related nodes to their proper branches automatically.  This 
conversion procedure, called a preprocessor step, is performed by internal program 
ExpandObjects (U.S. Department of Energy, 2013).  This preprocessor program will 
????????????????????????????????????????????????????????????????d and further modification 
can be performed on this file.  Since most of the proposed HVAC packages in this case 
study include the major HVAC systems, such as constant volume direct-expansion 
EER Reference
Cooling Coil Gross 











Baseline 8.9 90.1-1989 3.10 1 Electric 0.53625 X
Standard 
Retrofit 11.2 90.1-2013 3.87 1 Electric 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.53625 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 COP = 1.94 Electric 0.53625 X
Standard 
Retrofit 11 90.1-2013 3.80 COP = 3.3 Electric 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.53625 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.53625 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 1 Electric 0.53625 X
Standard 










unitary systems, packaged variable air volume (VAV) systems, var iable refrigerant flow 
(VRF) heat pumps, and direct-expansion heat pump systems, this powerful feature was 
used to promote work efficiency.  Subsequently, other HVAC retrofit measures were 
added into the expanded idf file.   
Another important point to be considered is to check energy and mass balances 
during the application of retrofit HVAC systems.  Even though EnergyPlus provides error 
messages primarily if the applied HVAC systems do not work properly, verifying normal 
operation of the proposed HVAC systems in EnergyPlus is an important task.  Also, this 
program can calculate the air movement between zones when both exhaust fan and zone 
mixing features are employed.  In this case study, because several proposed building 
types have these specific characteristics, several iterated simulations were conducted with 
sub-hourly output data to stabilize air movement between zones.   
 
4.3.3 Results of HVAC Energy Savings 
4.3.3.1 Standard Retrofit 
Sixty-six different combinations (eleven buildings by six locations) of standard 
retrofits were analyzed and the HVAC energy consumption was then compared to the 
baseline buildings.  A modest energy savings is expected from each standard retrofit 
because newer equipment performance is improved over the baseline due to the higher 
performance requirements of newer codes and standards.  This expectation is reflected, 
for the most part, in the results.  Table 4.17 shows the computed standard retrofit HVAC 
energy savings fraction as a percentage of the baseline HVAC energy use.  The savings 
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range from a minimum of 0.3% in cold climate Minneapolis to 19.5% in warm climate 
Charlotte.  Also, the average percentage of HVAC energy savings in cold climate zones 
is less than warmer climate zones.  This is likely due to current standards for cooling 
equipment performance being significantly higher as compared to the baseline, while 
heating system performance has only changed marginally or not at all for electric 
resistance systems.  The small office end use energy consumption for both baseline and 
standard retrofit cases are shown in Table 4.18 and Table 4.19, respectively.  Energy 
consumption is reported in gigajoules (GJ) for electricity and gas to make it easier to 
compare the two.  Detailed end use energy consumption for both baseline and standard 
retrofit cases for proposed building types are shown in Appendix C (Table C.11 to Table 
C.30). 
  
Table 4.17 Standard Retrofit HVAC Energy Savings Compared to Baseline 
 
 
HVAC Energy Savings (%) Charlotte, NC Indianapolis, IN Houston, TX Boston, MA Minneapolis, MN Los Angeles, CA
Small Office 19.5% 10.1% 16.7% 12.0% 3.8% 15.7%
Medium Office 19.4% 8.0% 10.8% 12.9% 7.6% 15.4%
Stand-Alone Retail 5.7% 2.3% 12.2% 1.5% 1.4% 8.1%
Strip Mall 6.9% 2.8% 14.2% 1.8% 1.5% 13.5%
Primary School 3.7% 5.6% 12.3% 4.9% 3.4% 10.7%
Quick Service Restaurant 4.4% 2.2% 11.0% 1.6% 1.3% 8.9%
Full Service Restaurant 5.3% 2.0% 13.3% 1.4% 1.3% 8.6%
Small Hotel 13.8% 10.4% 15.4% 9.7% 5.5% 15.8%
Large Hotel 9.7% 5.7% 14.7% 3.7% 1.7% 14.2%
Supermarket 1.8% 0.5% 2.1% 6.7% 0.3% 0.7%
Convenience Store 7.0% 4.5% 14.6% 6.9% 2.7% 9.2%













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.3.2 Retrofit Packages 
Several package options for each proposed building type were applied through 
simulation to evaluate HVAC energy savings compared to the baseline.  HVAC energy 
savings of each proposed package are shown in Appendix C (Figure C.1 to Figure C.22).  
Most suggested HVAC retrofit packages show energy savings in most building types and 
representative cities.  However, unexpected results such as increasing of HVAC energy 
consumption, can be found in food sales building types.  This occurs because the 
performance of the baseline HVAC system turned out to be better than some of the 
suggested retrofit HVAC options.  For instance, the baseline HVAC system for 
supermarkets in Boston is an air source heat pump which actually has better performance 
than proposed HVAC retrofit solutions, such as packaged VAV systems (Package #1) 
and high efficiency rooftop units with VAV (package #4) (Figure C.20 (c)).   
 
4.3.3.3 Performance of Individual HVAC Technologies 
After applying and simulating all of the selected HVAC packages the results 
aroused a curiosity about which individual technology has the highest impact on saving 
energy.  As noted above, it is not always the case that total energy savings from a retrofit 
package are the same as the sum of the energy savings from each single retrofit 
technology (Chidiac et al., 2011b).  By analyzing the impact of individual HVAC 
measures, evaluation outcomes will guide project decision makers to select appropriate 
HVAC retrofit solutions from among the measures with positive effects in HVAC retrofit 
projects.  Energy reduction of individual HVAC technologies was evaluated for all 
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proposed buildings and representative cities and the effects of each single measure are 
presented in the tornado diagrams in Appendix C (Figure C.23 to Figure C.32).  HVAC 
energy reduction of individual measures were normalized utilizing the baseline HVAC 
energy consumption data (Equation (4.2)).  Figure 4.20 shows normalized individual 
HVAC energy consumption for small office buildings in various areas.  Most single 
measures have positive impacts on HVAC energy savings; however, VAV systems in 
Charlotte indicate a negative trend, consuming more energy.  This is because the baseline 









Figure 4.20 Normalized HVAC Energy Consumption Relative to Small Office Baseline 








Variable Refrigerant Flow (VRF)
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4.4 Evaluation of Proposed HVAC Retrofit Solutions 
After assessing the effects of the proposed HVAC retrofit solutions for 
prototypical SMSCB, the cost-effectiveness of HVAC retrofit solutions was computed.  
Since the objective of this study is to propose HVAC retrofit solutions providing both 50% 
HVAC energy savings as compared to the baseline and achieve a simple payback period 
of less than 4 years, an economic analysis of the proposed HVAC solutions is an essential 
task.  The results will be shown for the six proposed building types: office (small and 
medium office), mercantile (stand-alone retail and strip mall), education (primary school), 
food service (quick and full service restaurant), lodging (small and large hotel), and food 
sales (supermarket and convenience store).  In addition, available incentive programs will 
be applied to show how they can influence HVAC retrofit.   
    
4.4.1 Economic Analysis 
Since it is assumed that standard retrofit practice is to replace existing HVAC 
systems with the exact same type of system that just meets newer energy efficiency 
standards, cost estimates of the standard retrofit were ?????????? ?????????????????? ???????
baseline system using data derived from RSMeans Mechanical Cost Data 2014 
(RSMeans, 2013a) and Square Foot Costs Data 2014 (RSMeans, 2013b).  Engineering 
judgment was employed to select the components required to accurately cost the baseline 
systems.  Cost estimations for the standard retrofit for office, mercantile, and education 
buildings are shown in Table 4.20.  Standard Retrofit Cost information of other building 








Cost data for retrofit packages was derived from the P-Tool list and also from 
RSMeans 2014 Square Foot Costs Data (RSMeans, 2013b) and 2014 Mechanical Cost 
Data (RSMeans, 2013a).  To calculate the simple payback of the proposed retrofit 
packages, the differential costs between each retrofit package and the standard retrofit is 
utilized.  The differential costs of proposed HVAC retrofit solutions against standard 
retrofit are shown in Table 4.21.  Some of the differential costs have negative values, 
which implies that the price of proposed retrofit options is less expensive than the 
standard retrofit price.  Differential costs of other building types are presented in Table 
D.4 to Table D.9 (Appendix D).  RSMeans also provides cost multipliers to estimate 












Los Angeles, CA 
(3B)
Small Office $5.54 $9.06 $7.7 $11.03 $10.01 $9.56
Medium Office $24.96 $12.18 $12.78 $13.92 $26.39 $39.98
Stand-Alone
Retail $4.22 $4.83 $4.51 $6.14 $5.57 $5.32
Strip Mall $24.96 $20.88 $20.9 $24.96 $26.39 $39.98























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.22 City HVAC Equipment Installed Cost Multipliers 





Los Angeles  1.07 
Minneapolis 1.07 
 
4.4.2 Evaluation Results 
To evaluate the proposed retrofit packages, a simple payback method is used 
based on the differential cost between each retrofit package and the standard retrofit; 
however, the energy cost difference is taken between the retrofit package energy cost and 
the baseline energy cost.  A detailed interpretation is explained in Equation (4.3).  In 
addition, the value of the baseline energy consumption and the energy saved by each 
retrofit was determined by applying regional average utility rates for electricity and 
natural gas.  The rates used in this project include distribution charges as well as the 
commodity charge.  There is significant regional variation in utility energy costs as 







?????? ???????? ???????????? ?? ????? ?
? ?????????????????????? ? ???????????????????????








Natural Gas  
[$/therm] 
Charlotte 0.12 0.85 
Indianapolis 0.12 0.85 
Houston 0.14 1.06 
Boston 0.16 1.19 
Minneapolis 0.12 0.85 
Los Angeles 0.21 1.14 
 
The effect of energy efficiency incentive programs can play an important role in 
reducing payback periods in this project.  A survey of incentive programs in the six 
regions considered in the project yield the following representative rates of incentive 
payment: 
? Charlotte, NC: $0.065 per kWh of electric energy saved compared to 
baseline, 
? Indianapolis, IN: The lesser of $50,000 or the incentive payment required 
to buy the project down to a 1 ½ year payback, 
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? Houston, TX: $0.11 per kWh of electric energy saved compared to 
baseline, 
? Boston, MA: 50% of the incremental cost between the energy efficient 
retrofit option and the standard retrofit, 
? Minneapolis, MN: The lesser of $5,000 or the incentive payment required 
to buy the project down to a 1-year payback, 
? Los Angeles, CA: $0.14 per kWh of electric energy saved compared to 
baseline. 
Results of the energy analysis for each building type are shown in the following 
tables and in Appendix D (Table D.10 to Table D.21).  The tables show the percentage 
HVAC energy savings compared to the baseline (i.e. pre-retrofit) case and the simple 
payback in years.  There are two tables for each building type; one shows the un-
incentivized simple payback, while the other shows the incentivized simple payback.   
The tables below are color-coded to help identify which packages meet certain energy 
savings and financial performance goals as follows: 
? Green: Saves at least 50% HVAC energy, and payback (incentivized or 
un-incentivized) is 4 years or less, 
? Yellow: Saves less than 50% HVAC energy, but payback (incentivized or 
un-incentivized) is 4 years or less, 
? Orange: Saves more than 50% HVAC energy, but payback (incentivized 
or un-incentivized) is more than 4 years, 
? Red: Saves less than 50% HVAC energy, and payback (incentivized or un-
incentivized) is more than 4 years. 
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Results for the quick service restaurant energy efficiency packages are shown 
below.  Table 4.24 shows the un- incentivized simple paybacks while Table 4.25 shows 
the paybacks once incentives are applied.  There are 17 combinations of climate region 
and retrofit package that meet the 50% energy savings threshold and have 4 years or less 
simple payback with incentives.  There are 5 combinations that have a 4 year or less 
simple payback, with incentives, but have HVAC energy savings less than 50%.   
Specifically, the incentive program in Indianapolis, IN has the biggest impact on 
reduction of the payback periods drastically.   
 
Table 4.24 Quick Service Restaurant Energy Savings and Un-incentivized Paybacks by 
Retrofit Package and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
58% 51% 55% 51% 49% 56%
3.1 5.1 2.1 5.8 6.9 7.2
57% 46% 52% 47% 45% 53%
1.3 2.4 1.2 2.7 3.4 3.4
64% 66% 52% 66% 68% 64%
4.3 6.1 3.4 6.2 6.3 8.3
64% 64% 49% 69% 63% 60%
3.5 42.8 3.2 11.3 N/A 8.5
71% 74% 71%
10.2 7.6 21.4
64% 63% 49% 68% 62% 59%
3.7 93.5 3.3 13.6 N/A 9
70% 71% 70%
12.1 10.8 28.9










U.S. Census Regions and Divisions









Table 4.25 Quick Service Restaurant Energy Savings and Incentivized Paybacks by 
Retrofit Package and Climate Region 
 
 
4.5 Summary and Discussion 
The goal of this study is to identify and evaluate, through simulation, a number of 
HVAC retrofit solutions for target buildings that provide substantial HVAC energy 
savings with a short term payback of the upfront costs.  According to an analysis of the 
CBECS 2003 microdata, target buildings types were determined and possible HVAC 
retrofit solutions were proposed.  As a consequence, SMSCB HVAC retrofit solutions 
were identified that meet the stated objectives, based on the six building types (office, 
mercantile, education, food service, lodging, and food sales) in six region and climate 
zone combinations.   
Target building types with detailed HVAC characteristics were selected based on 
CBECS 2003 data and baseline prototypical SMSCB models were adjusted with several 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
58% 51% 55% 51% 49% 56%
3.1 1.5 1.3 2.9 5 6.9
57% 46% 52% 47% 45% 53%
1.3 1.5 0.4 1.4 1 3.2
64% 66% 52% 66% 68% 64%
4.2 1.5 2.6 3.1 5.3 7.8
64% 64% 49% 69% 63% 60%
3.5 1.5 3.2 5.6 N/A 8.5
71% 74% 71%
1.5 3.8 17.9
64% 63% 49% 68% 62% 59%
3.7 1.5 3.3 6.8 N/A 9
70% 71% 70%
1.5 5.4 24.7
Quick Service Restaurant - Energy Savings and Incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions


















assumptions; including, 1) the building physical parameters and construction 
characteristics are the same as post-1980 models, and 2) lighting power density, plug load, 
???? ?????????? ??????? ???? ????????? ??? ???????? ???????? ?urrent lifestyle.  The HVAC 
technologies used in the packaged solutions were developed primarily from the DOE P-
Tool and other resources.  The baseline, standard HVAC retrofit, and packaged retrofit 
solutions were evaluated for both energy savings potentia l and retrofit first cost.  Simple 
paybacks were computed based on the incremental cost over standard retrofit and annual 
HVAC energy cost savings of the packaged retrofit solutions over the baseline HVAC 
energy costs.  Standard retrofits are defined as replacing HVAC equipment with new 
equipment that meets the current code requirements without changing the HVAC system 
configuration.   
The results show that, for the building types and climate zones analyzed, many of 
the proposed packaged retrofit solutions can achieve 50% or greater HVAC energy 
savings.  A simple payback analysis was performed for each retrofit package combination, 
which shows that there are packages that meet the project goals for a majority of the 
building types and climate zones.  In addition, the number of compliant packages 
increases when energy efficiency financial incentives are applied based on the selected 
locations.  Thus, these incentives are an important component to reduce the simple 
payback below the maximum acceptable to most commercial building owners and 
operators.  Figure 4.21 shows overall performance of the proposed retrofit packages with 
and without incentives for quick service restaurants in all proposed locations.  The red 
lines indicate the objectives of this study.  In this figure, a cluster of un- incentivized 
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packages slightly shifts to the left (short term payback area).  Other scatter plots for other 
building types can be found in Appendix D (Figure D.1 to Figure D.6). 
 
 
Figure 4.21 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 
Packages with and without Incentive Program for Quick Service Restaurant 
 
Although some of the selected HVAC retrofit packages satisfy the constraints of 
50% HVAC energy savings with a payback of less than 4 years, several options from the 
non-selected HVAC retrofit packages may still provide feasible performance.  For 
example, evaluated packages that have a yellow color-code in Table 4.25 are still useful 
for stakeholders who have lower budgets for the HVAC retrofit project.  These options 
showed almost 50% HVAC energy savings with extremely short periods of payback.  
These type of packages can be found in results tables of other building types also. 
It is true that energy efficiency incentive programs demonstrate positive impacts 























in the un- incentivized result tables changed color after incentive programs were applied.  
However, a few packages still remained same color with little reduction of payback.  This 
is likely because the current incentive programs do not have enough positive impact on 
the suggested HVAC retrofit options.  In other words, by referring to both building types 
and the proposed HVAC retrofit packages, utility companies and government agencies 
can improve existing incentive programs to benefit building owners and encourage these 







CHAPTER 5. CONTRIBUTIONS OF THE STUDY 
This chapter demonstrates the remarkable contributions of this study.  Since the 
new framework is proposed and developed to evaluate HVAC retrofit solutions, the 
capability of the new framework, first of all, will be addressed.  Subsequently, the 
outcomes from application of the framework will be described.   
 
5.1 Capability of The New Framework 
A comprehensive framework for evaluating appropriate HVAC retrofit solutions 
for different types of small- and medium-sized commercial buildings (SMSCB) was 
developed.  This framework guides building owners and facility executives in the right 
direction to select optimum HVAC retrofit options when their existing HVAC system has 
reached its end-of-life.  The framework largely consists of four stages described in 
Chapter 3 and the results of the case study in Chapter 4 how well the proposed 
framework functions.         
Previously, HVAC retrofit projects were conducted using a method based on 
experience, common sense, and rules-of-thumb without a detailed evaluation of many 
potential HVAC retrofit measures.  Occasionally, HVAC retrofit planners provide 
information on only a few retrofit options with which they are familiar.  These situations 
are actually pandemic in the building industry and practitioners recognize the importance 
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of improving the HVAC retrofit process.  They also realize that lack of technical 
expertise and uncertainty in energy savings are one of the major barriers to pursuing more 
aggressive energy efficiency projects (IBE, 2011, 2013a; Lee, Hong, Piette, Sawaya, et 
al., 2015).  
In addition, most existing retrofit guidelines are interested in integrated and 
whole-building retrofit in relatively large scale commercial buildings.  However, there 
are a lot of different types and sizes of commercial buildings with enormous energy 
savings potential and their primary building functions are dissimilar to each other, which 
means that retrofit procedures should be performed based on building types and 
characteristics.  Also, their HVAC systems vary according to climate zone which 
influence major HVAC system configurations and major heating and cooling sources.   
Financial considerations are also one of the major obstructions to building energy 
efficiency projects.  The completion of a retrofit project may be decided depending on the 
scale of the initial investment and the duration of returning that investment.  However, 
the proposed new framework allows various opportunities to complete the retrofit project 
by providing promising retrofit options together with an economic analysis.  In other 
words, evaluating the cost-effectiveness of potential retrofit technologies offers various 
options within project budgets to the stakeholders.  Consequently, the new framework 
resolves several limitations of existing retrofit guidelines and shows its capability to 




5.2 Prototypical SMSCB Energy Model for Retrofit 
One of the unique contributions in this study is improvement of prototypical 
small- and medium-sized commercial building (SMSCB) energy models.  There are two 
current commercial building models from the U.S. Department of Energy (DOE): 
Commercial Reference Buildings (Deru et al., 2011) and Commercial Prototype Building 
Models (Thornton et al., 2011).  However, current reference building models are not 
representative of existing commercial buildings in the present era.  In the reference 
building models, construction characteristics and other parameters are consistent with the 
year when the building was built.  In other words, both build ing envelope parameters and 
internal gain elements, such as wall insulation levels, window properties, occupant level, 
lighting fixtures, plug loads with recent appliances, and building operating schedules, are 
the same as building construction year.  However, the target buildings in real retrofit 
projects may include different internal gain information while the construction 
characteristics remains unchanged.  Therefore, utilizing current reference building 
models for energy efficiency research will yield inaccurate building energy analysis 
results and produce incorrect HVAC sizing due to different internal gains.  In this study, 
post-1980 vintage models were selected and modified to present the realistic existing 
building stock.   
Another beneficial feature of these updated models is that they are practical for 
various retrofit research opportunities since they cover most small- and medium-sized 
commercial buildings across the U.S.  As addressed in Chapter 2, building energy 
efficiency is one of the important factors to reduce global warming and CO2 emissions.  
Also, developing advanced energy efficiency guides for existing buildings, such as 
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energy codes and energy standards is one of the critical topics for people involved in 
energy policy.  Utilizing a wide range of prototypical SMSCB energy models can help to 
develop various retrofit energy codes and energy efficient standards for existing buildings.  
Even, the process of developing prototypical SMSCB models will guide other energy 
related researchers who want to have different building types and vintage years in the 
future.  The detailed parameters of existing prototypical SMSCB energy models in post-
1980s are presented in Appendix A.   
 
5.3 Development of Convenience Store Energy Model 
A prototypical convenience store building energy model was developed during 
the second stage of the framework which was applied to the case study.  This first 
prototypical convenience store energy model can be used for various purposes, such as 
research in the building industry. Researchers and energy service companies can broaden 
their retrofit studies and business areas with the new prototypical convenience store 
energy model.    
According to NACS (the National Association of Convenience Store) and Nielsen 
Convenience Industry Store Count (NACS, 2015), the number of U.S. convenience stores 
has increased nearly 70% from 1985 (90,900 stores) to 2015 (154,195 stores).  However, 
considering the growth of convenience store numbers over the past three decades, there 
has not been enough literature on building energy analysis and energy efficiency of 
convenience stores.  Also, no convenience store reference building model currently exists 
in the building industry.  Nevertheless, valuable information can be obtained from 
CBECS 2003 microdata to define the size of a prototypical convenience store.  By 
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selecting convenience store building types under food sales, building vintage from 1970 
to 2003, and square footage under 200,000 square feet, the number of buildings (39,504 
buildings) and total square feet (126,530,100 square feet) were obtained.  An average 
area for a convenience store (3,203 square feet) was computed by dividing the total 
square feet by the number of buildings.   
The floor plan of an existing convenience store was used as a starting point for the 
prototypical building because its total floor area (3,437 square feet) is similar to the 
average area range of convenience stores in the CBECS 2003 data.  Except for the 
building geometry, other construction parameters are consistent with supermarket 
prototypical building models since convenience stores are identical building types as 
supermarkets under the category of food sales.  Other important characteristics are 
generated by following the case study framework explained in Chapter 4.1 and 4.2.   
Other detailed building characteristics can be found in Table A.31 to Table A.33 in 
Appendix A.  Figure 5.1 shows the building outline and floor plan for the proposed 
prototypical convenience store.  The floor layout of the store is divided into two zones 
(back area for office and storage and main area for sales) and there are two large 






Figure 5.1 Building Outline (a) and Floor Layout (b) of Proposed Convenience Store 
 
The mechanical systems of convenience store are basically based on analysis of 
CBECS 2003 microdata.  According to database analysis, a rooftop unitary furnace with 
air conditioner is determined as major heating and cooling systems of convenience stores 
for all representative cities except Boston, MA (Northeast-Zone 2) where the major 
HVAC equipment is air-to-air heat pump system (Figure A.9 and Figure A.10).  
Moreover, constant air volume (CAV) is determined as the dominant air distribution 
system for all locations (Figure A.18).  System configuration of the rooftop unit consists 
of blow through supply fan, cooling and heating coil, and reheat coil whic h keeps the 
main area zone relative humidity (RH) below a 60% setpoint.  Outdoor air ventilation to 
main area zone is introduced through the air loop, maintaining 15 cfm per person 
(ASHRAE, 1999).  Heating and cooling setpoint temperatures for the entire building are 
70°F and 75°F during all hours, respectively.    
To validate the convenience store baseline models for each location, the EUI 
(Energy Use Intensity) from CBECS 2003 is used because there are no other convenience 





and Indianapolis, IN are in general agreement with the CBECS 2003 EUI for both 
locations and nationwide (Figure 5.2).     
 
  
(a) Charlotte, NC (b) Indianapolis, IN 
Figure 5.2 Convenience Store Baseline EUI Comparison with CBECS 2003  
 
5.4 Decision-making tool for HVAC retrofit 
One of the valuable outcomes of this study is the development of a new advanced 
decision-making tool for selecting appropriate SMSCB HVAC retrofit solutions.  The 
decision-making tool has detailed energy savings based on simulation results and it 
includes an accurate comparison of energy savings between individual HVAC retrofit 
measures and combinations for SMSCB.  The benefit o f this tool is that it is data-driven 
rather than a simulation-driven tool.  This data-driven database is based on nearly 1,400 
results of annual energy simulations with various HVAC retrofit technologies including 
the proposed packages.  Basically, a brute-force search with EnergyPlus was used to fill 
the database by assessing each proposed HVAC retrofit technology.  To speed up the 
brute-force technique in this framework, a process of reducing the set of candidate 















































At the beginning of the study, proposing HVAC retrofit packages was the main 
objective within the framework.  However, after evaluating various proposed HVAC 
retrofit packages for SMSCB, it became important to understand the performance of each 
HVAC technology and this data-driven database decision-making tool was initiated.  In 
addition, to provide the performance of all the selected HVAC retrofit technologies is 
also beneficial for building owners, contractors, and architects to provide various HVAC 
retrofit choices.   
Another special feature of the decision-???????????? ???????? ??????? ????????????????
use.  This excel-based tool contains various criteria for selection: building type, region 
and climate zone, representative city, HVAC technology, HVAC energy savings, and 
cost analysis (Figure 5.3).  Specifically, a filtering function on building type and location 
allows building owners and decision makers to have qualified retrofit options for their 
building types and locations without checking the performance of every possible retrofit 
package.  Also, cell information can be visualized quickly and clearly to show which 
technology or package is the most effective option for a target building.  Unlike the 
detailed building energy simulation process, where the energy modeler must have an 
engineering background, a knowledge of building science and technology, and an 
understanding of HVAC system configuration, this decision-making tool can be used by 





CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
6.1 Summary and Conclusions 
The major goal of this research is to develop a framework and a process for 
evaluating appropriate HVAC solutions that can be effectively retrofitted into different 
types of small- and medium-sized commercial buildings (SMSCB).  The framework 
largely consists of four parts, which have been outlined below as stages.   
? Stage I: Developing Baseline Small- and Medium-Sized Commercial 
Building (SMSCB) Energy Models 
? Stage II: Developing HVAC Retrofit Solutions for Selected SMSCB 
? Stage III: Analyzing Applications of HVAC Retrofit Solutions for 
Selected SMSCB 
? Stage IV: Evaluating Effects of Energy Savings and Cost Benefits of 
HVAC Retrofit Solutions for Selected SMSCB 
HVAC energy consumption represents a large portion of the overall building 
energy, and saving HVAC energy with energy conservation measures have been focused 
on by governments, industry, and other organizations.  When existing HVAC systems 
reach their end-of- life in old buildings, replacement of the equipment must be executed, 
and advanced and energy efficient HVAC systems should be suggested and installed.  
However, in the building industry, the HVAC retrofit process has been conducted using a 
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process based on experience, common sense, and rules-of-thumb without a detailed 
evaluation of potential HVAC retrofit measures.  In addition, existing retrofit guidelines 
have been focused on integrated whole building retrofits of large-scale commercial 
buildings.   
In order to overcome these limitations, this thesis proposes a comprehensive 
framework for evaluating appropriate HVAC retrofit solutions for SMSCB.  This 
developed framework has been applied to a previous project as a case study and the 
results show that this proposed framework is suitable to realistic SMSCB HVAC retrofit 
projects.  The goal of the case study was to identify, through simulation, a number of 
HVAC retrofit packages that would provide substantially improved energy performance 
over standard equipment retrofits while also working within the strict cost constraints 
seen in most commercial projects.  
In addition to the application of the framework the case study produced several 
valuable outcomes as follows.  
First, prototypical SMSCB energy models were proposed and improved to 
represent real existing commercial buildings.  These included six building types with 
eleven buildings, which are presented with their baseline HVAC systems in Table 4.11, 
Table 4.12, and Table 4.13.  These building types cover a huge segment of the U.S. 
commercial building stock, which will now allow the building industry and researchers to 
utilize these models and obtain more accurate building energy simulations results than the 
current commercial reference building models from DOE.  This is because the proposed 
improved SMSCB energy models include current internal gain parameters and operating 
schedules while maintaining construction parameters the same as the building vintage.  
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Outdated building parameters can cause wrong sizing of HVAC equipment and 
establishment of ineffective energy policy.  Besides using prototypical SMSCB energy 
models, the procedure of developing SMSCB energy models is advantageous to develop 
other building types with various vintage years.   
Second, one of the remarkable outcomes of this project has been the development 
of a prototypical convenience store energy model.  Up to recently, there has not been a 
convenience store energy model in the commercial reference building models from DOE.  
By providing this energy model in the market, the study of possible retrofit measures for 
this specific building type can be started and existing business fields can be expanded by 
energy service companies (ESCOs).    
Finally, the development of a comprehensive HVAC retrofit decision-making tool 
for SMSCB is one of the most outstanding outcomes in this study.  This tool is data-
driven database based on detailed annual energy simulation results and accurate 
comparison of HVAC energy savings with numerous HVAC retrofit technologies.  The 
tool includes proposed HVAC retrofit packages with simple payback and HVAC energy 
savings of individual HVAC technology compared to baseline HVAC energy 
consumption.  A filtering feature of building type and location inside the tool facilitates 
the use of this tool as simple and easy.  Users without any expert knowledge of HVAC 
systems can easily select their building type and location and can visualize results and 
determine which HVAC retrofit options are optimum solutions for their project.  Also, 
this excel-based database is flexible to incorporate additional building types, locations, 
and new HVAC measures.   
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At this moment, development of the framework and HVAC retrofit decision-
making tool is a truly good start.  However, the setting of the whole stage of the 
framework is important for building energy efficiency studies and the outcome of this 
process will ultimately be a fully developed and hybridized decision-making tool. 
However, before obtaining a fully developed tool, it is crucial to develop the 
methodology for performing the various retrofit solutions and learning the critical 
elements during the procedure.  Finally, the proposed framework may help to systematize 
the HVAC retrofit process and the fully developed decision-making tool may arouse 
awareness of opportunities for building energy savings.     
 
6.2 Future Work 
This thesis focused on developing a comprehensive framework for evaluating 
appropriate HVAC retrofit solutions for SMSCB, not residential or industrial building 
types.  Also, this study shows how the proposed framework works in a real case study 
and the true benefits of applying the framework.  A data-driven decision-making tool, 
one of the true benefits, is developed and this database has been filled with the results of 
many HVAC retrofit simulations.  However, in order to fully function and develop, 
several future works are recommended as follows: 
? Expansion of baseline building type, vintage, and location: Basically, six 
different building types with post-1980 vintage year and six locations are 
selected in this study.  Since this tool is an excel-based database, it is 
always possible to add future building types and additional locations.  
There are un-selected commercial building types in the DOE reference 
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building models and additional representative cities based on 
combination of U.S. regions and climate zones that can be added to 
enlarge market coverage. Baseline buildings can also be different 
depending on the ??????? ??????????? ???????? ??????   
? Extension of HVAC retrofit measures: Numerous HVAC technologies 
are evaluated and simulated.  However, some HVAC measures cannot be 
applied currently because of limitations of EnergyPlus.  In the future, it 
will be good to add evaluation results from these technologies after 
upgrading related features in simulation programs or a conjunction of 
other external programs.    
? Development of automation process: Many manual simulations were 
conducted during this research because HVAC system applications and 
modifications in EnergyPlus are not simple and easy.  Whenever major 
HVAC systems are applied, it is necessary to change the base HVAC 
configuration in addition to the baseline models.  If this kind of work can 
be set with automation, then simulation time will be reduced dramatically.   
There is a lot of future work to be done in order to fully develop the decision-
making tool.  Although these future works will be a longer-term project and require 
whole new levels of effort, they are valuable works to employ within the fully developed 
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Appendix A Prototypical SMSCB Baseline Model Details 
 
Figure A.1 Number of Mercantile Buildings with Each Heating Equipment 
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Figure A.3 Number of Education Buildings with Each Heating Equipment 
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Figure A.5 Number of Food Service Buildings with Each Heating Equipment 
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Figure A.7 Number of Lodging Buildings with Each Heating Equipment 
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Figure A.9 Number of Food Sales Buildings with Each Heating Equipment 
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Figure A.15 Air Distribution System for Office in Each Region and Climate Zone 
 
 















































































































































Figure A.17 Air Distribution System for Lodging in Each Region and Climate Zone 
 
 



























































































































































Perimeter zone depth: 16.4 ft. 
Four perimeter zones, one core zone 
and an attic zone.




Glazing Sill Height (ft) 3 (top of the window is 8 ft high with 5 ft high glass)
Aspect Ratio 1.5
Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
24.4% for South and 19.8% for the other three orientations




Building Prototype Small Office
Form
Total Floor Area (ft2) 5,500 (90.8 ft x 60.5ft)
Building Shape
Thermal Zoning
Floor to Floor Height (ft) 10
Floor to Ceiling Height (ft) 10





Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA

















Dimentions Based on floor area and aspect ratio
Tilts and Orientations Vertical
Roof
Construction Attic
Attic floor R-value (h·ft2·°F/Btu)
Window
Dimentions Punch window, each 5 ft by 6 ft wide
Glass-Type and Frame Non-residential Fixed Assembly Window
U-factor (Btu/h·ft2·°F) & SHGC
Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.385)
Houston: 1.03 (SHGC: 0.251)
Boston: 0.59 (SHGC: 0.385)
Minneapolis: 0.52 (SHGC: 0.385)







Dimentions Based on floor area and aspect ratio
Tilts and Orientations Hipped roof: 10.76 ft attic ridge height, 2 ft overhang-soffit
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 0.5 inch gypsum board + 0.5 inch gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab with carpet covering
R-value (h·ft2·°F/Btu) All: 2.59
Air Barrier System
Infiltration
Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 8 pm - 7 am)
Off peak: 25% of peak infiltration rate 








Peak Power (W) 2,766
Schedule Astronomical Clock control
Average People (ft2/person) 200
Schedule See under Schedules
Miscellaneous
Plug Load
Average Power Density (W/ft2) 1.18
Schedule See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency 0.825
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) 1.3
Ventilation (ft3/min/person) 20
Supply Fan
Supply Fan Total Efficiency 0.53625
Supply Fan Pressure Rise 1.5 in.H2O
Thermostat Setback 80°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 104°F, Cooling 55°F
Air Conditioning EER = 8.9 (COP = 3.1 for EnergyPlus)
Heating
Charlotte: HSPF = 6.6 (COP = 1.94, Electric Heating)
Indianapolis: 80% (Gas Heating)
Houston: 100% (Electric Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 100% (Electric Heating)
HVAC Control
Thermostat Setpoint 75°F Cooling / 73°F Heating (only core zone for baseline model)
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix
Cooling Type See under Matrix
Distribution and Terminal Units
Constant air volume air distribution, 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.4 Baseline Medium Office Building Characteristics 
 
  
Perimeter zone depth: 15 ft. 
Each floor has four 
perimeter zones and one 
core zone.
Percentages of floor area:  
Perimeter 40%, Core 60%
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Thermal Zoning
Floor to Floor Height (ft) 13
Floor to Ceiling Height (ft) 9
Form
Total Floor Area (ft2) 53,600 (163.8 ft x 109.2ft)
Building Shape




Number of Floors 3
Window Fraction 
(Window-to-Wall Ratio)
33% (Window Dimensions: 
163.8 ft x 4.29 ft on the long side of facade  
109.2 ft x 4.29 ft on the short side of the façade)



















Dimentions Based on floor area and aspect ratio
Tilts and Orientations Vertical
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio
Tilts and Orientations Horizontal
Air Barrier System
Infiltration
Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 8 pm - 7 am)
Off peak: 25% of peak infiltration rate 
(when fans turn on, 7 am - 8 pm)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab with carpet covering
R-value (h·ft2·°F/Btu)













Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.385)
Houston: 1.03 (SHGC: 0.251)
Boston: 0.59 (SHGC: 0.385)
Minneapolis: 0.52 (SHGC: 0.385)





Table A.4 Continued. 
 
Schedule Astronomical Clock control
Constant air volume air distribution,
Multiple units with different thermostat location 
Charlotte: HSPF = 6.6 (COP = 1.94, Electric Heating)
Indianapolis: 80% (Gas Heating)
Houston: 100% (Electric Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)




Motor and fan/lights Schedules See under Schedules
Exterior Lighting
Peak Power (W) 17,809
Quantity 2
Motor Type hydraulic
Peak Motor Power (W/elevator) 16,055
Average People (ft2/person) 200




Average Power Density (W/ft2) 1.18
Schedule See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency 0.91
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) 1.3
Ventilation (ft3/min/person) 20
Supply Fan
Supply Fan Total Efficiency 0.5915
Supply Fan Pressure Rise 4.45 in.H2O
Thermostat Setback 80°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 122°F, Cooling 55°F
Air Conditioning EER = 8.9 (COP = 3.1 for EnergyPlus)
Heating
HVAC Control
Thermostat Setpoint 75°F Cooling / 73°F Heating (only core zone for baseline model)
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix
Cooling Type See under Matrix








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Building Prototype Stand-Alone Retail
Form
Total Floor Area (ft2) 24,695 (178 ft x 139 ft)
Building Shape




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
7.1 % (Window Dimensions: 
82.136 ft x 5 ft, 9.843 ft x 8.563 ft and 82.136 ft x 5 ft on the sreet 
facing façade)
Glazing Sill Height (ft) 5 ft (top of the window is 8.73 ft high with 3.74 ft high glass)
Thermal Zoning
Floor to Floor Height (ft) N/A
Floor to Ceiling Height (ft) 20
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
















Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.385)
Houston: 1.03 (SHGC: 0.251)
Boston: 0.59 (SHGC: 0.385)
Minneapolis: 0.52 (SHGC: 0.385)
Los Angeles: 1.03 (SHGC: 0.44)
U-factor (Btu/h·ft2·°F) & SHGC
All: 1.36
Internal Mass 6 inch standard wood
Air Barrier System
Infiltration
Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 10 pm - 7 am)
Off peak: 50% of peak infiltration rate 
(when fans turn on, 7 am - 10 pm)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab only
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio







Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio










Heating Type See under Matrix
Cooling Type See under Matrix
HVAC Efficiency
Air Conditioning EER = 8.2 (COP = 2.87 for EnergyPlus)
Heating
HVAC Control
Distribution and Terminal Units
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
Ventilation (ft3/min/person) 0.3
Supply Fan
Supply Fan Total Efficiency 0.5915
Thermostat Setpoint 75°F Cooling / 70°F Heating
Thermostat Setback 86°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 122°F, Cooling 55°F
See under Schedules
Average Power Density (W/ft2) 1.86 (1.11 for back space only - active storage)
Schedule See under Schedules
Supply Fan Pressure Rise 4.45 in.H2O
Supply Fan Motor Efficiency 0.91
Internal Loads & Schedules
Lighting
Schedule Astronomical Clock control
Constant air volume air distribution, 
One unit for all zone (Thermostat location: Core_Retail zone)
*Los Angeles: VAV air distribution
Charlotte: 80% (Gas Heating)
Indianapolis: 80% (Gas Heating)
Houston: 80% (Gas Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 100% (Electric Heating)
Exterior Lighting
Peak Power (W) 9,995
Occupancy
Average People (ft2/person) 66.67 (200 for back space only)
Schedule See under Schedules
Miscellaneous
Plug Load



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.10 Baseline Strip Mall Characteristics 
 
  
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Thermal Zoning
10 thermal zones (from left to right):
LGStore1 (Type 1), SMStore1 (Type 1), SMStore2 (Type 2), SMStore3 
(Type 3), SMStore4 (Type 2), LGStore2 (Type 3), SMStore5 (Type 3), 
SMStore6 (Type 3), SMStore7 (Type 3), and SMStore8 (Type 3).
Floor to Floor Height (ft) 17
Floor to Ceiling Height (ft) 17
Form
Total Floor Area (ft2) 22,500 (300 ft x 75 ft)
Building Shape
Window Locations Windows only on the street facing façade
Shading Geometry None
Azimuth Non-directional
Aspect Ratio 4 (0.33 for small store & 0.67 for large store)
Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
10.5 % (Window Dimensions: 
24 windows, 7 ft x 5 ft each and 12 doors, 6 ft x 7 ft each, on the 
street facing façade with south WWR 26%)






















Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.385)
Houston: 1.03 (SHGC: 0.251)
Boston: 0.59 (SHGC: 0.385)
Minneapolis: 0.52 (SHGC: 0.385)
Los Angeles: 1.03 (SHGC: 0.44)
U-factor (Btu/h·ft2·°F) & SHGC
All: 1.36
Internal Mass 6 inch standard wood
Air Barrier System
Infiltration
Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off)
Off peak: 50% of peak infiltration rate 
(when fans turn on)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab only
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio







Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio




Table A.10 Continued. 
 
  
Schedule Astronomical Clock control
Charlotte: 80% (Gas Heating)
Indianapolis: 80% (Gas Heating)
Houston: 80% (Gas Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 100% (Electric Heating)
Exterior Lighting
Peak Power (W) 13,499
Occupancy
Average People (ft2/person) 66.67
Schedule See under Schedules for each type
Miscellaneous
Plug Load
Average Power Density (W)
Large Store = 1,498.0615
Small Store = 749.0308
Schedule See under Schedules for each type
Average Power Density (W/ft2) 2.45 (Type 1), 1.875 (Type 2), 1.475 (Type 3) 
Schedule See under Schedules for each type
Supply Fan Pressure Rise Large & Small Store = 2.5 in.H2O
Supply Fan Motor Efficiency Large Store = 0.875
Small Store = 0.84




Supply Fan Total Efficiency Large Store = 0.56875
Small Store = 0.546
Thermostat Setpoint 75°F Cooling / 70°F Heating
Thermostat Setback 85°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 122°F, Cooling 55°F
HVAC Efficiency
Air Conditioning
Large Store EER = 8.9 (COP = 3.1 for EnergyPlus) 
Small Store EER = 8.9822 (COP = 3.13 for EnergyPlus) 
Heating
HVAC Control
Distribution and Terminal Units
10 Single-zone rooftop units with constant air volume air 
distribution. One unit  per occupied thermal zone.
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC
System Type
Heating Type See under Matrix




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3 PODs - 
Classrooms and corridors
1 Zone - Administrative area, 
mechanical,  media center, 
lobby, bath, computer lab.
Gymnasium, kitchen, and 









Building Prototype Primary School
Form
Total Floor Area (ft2) 73,960 (340 ft x 270 ft)
Building Shape




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
35 % for all facades 
Ribbon window across all facades
Glazing Sill Height (ft) 3.6 ft (top of the window is 8.1 ft high with 4.5 ft high glass)
Thermal Zoning
Floor to Floor Height (ft) 13
Floor to Ceiling Height (ft) 13
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA



















Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.385)
Houston: 1.03 (SHGC: 0.251)
Boston: 0.59 (SHGC: 0.385)
Minneapolis: 0.52 (SHGC: 0.385)
Los Angeles: 1.03 (SHGC: 0.44)
U-factor (Btu/h·ft2·°F) & SHGC
All: 2.59
Internal Mass 6 inch standard wood
Air Barrier System
Infiltration
Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off)
Off peak: 50% of peak infiltration rate 
(when fans turn on)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab only
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio









Heating Type See under Matrix
Cooling Type See under Matrix
HVAC Efficiency
Air Conditioning See under "Standard Retrofit" and "Standard Retrofit Charlotte"
Heating See under "Standard Retrofit" and "Standard Retrofit Charlotte"
HVAC Control
Distribution and Terminal Units
CAV systems: direct air from the packaged air conditioning unit
*Los Angeles: VAV air distribution
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
Hot Water Supply Temperature 179.6°F
Ventilation (ft3/min/person) Class Room: 15
Supply Fan
Supply Fan Total Efficiency POD Area: 0.59
Thermostat Setpoint 75°F Cooling / 70°F Heating
Thermostat Setback 81°F Cooling / 61°F Heating (not using for baseline model)
Supply Air Temperature Heating 122°F, Cooling 55°F
See under Schedules
Average Power Density (W/ft2) Class Room: 1.49
Schedule See under Schedules
Supply Fan Pressure Rise POD Area: 4.45 in.H2O
Supply Fan Motor Efficiency POD Area: 0.91
Internal Loads & Schedules
Lighting
Schedule Astronomical Clock control
Exterior Lighting
Peak Power (W) 10,519
Occupancy
Average People (ft2/person) Class Room:40 
Schedule See under Schedules
Miscellaneous
Plug Load




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.16 Baseline Quick Service Restaurant Characteristics 
 
  
Kitchen, Dining, and 
Unconditioned Attic
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Thermal Zoning
Floor to Floor Height (ft) NA
Floor to Ceiling Height (ft) 10
Form
Total Floor Area (ft2) 2,500 (50 ft x 50 ft)
Building Shape
Window Locations East (23.3 ft x 3 ft), south (46.7 ft x 3 ft), and 




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
South: 28%, East: 14%, North: 0%, West: 14%
Total: 14% 






















Dimentions Based on floor area and aspect ratio
Tilts and Orientations Vertical
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio
Tilts and Orientations Attic Roof (East & West - 45 deg., North & South - 18.44 deg.)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor




Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 1 am - 5 am)
Off peak: 50% of peak infiltration rate 
(when fans turn on, 5 am - 1 am)








Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)





Table A.16 Continued. 
 
  
Schedule Astronomical Clock control
Single zone, constant air volume air distribution
Charlotte: 80% (Gas Heating)
Indianapolis: 80% (Gas Heating)
Houston: 100% (Electric Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 80% (Gas Heating)
Exterior Lighting
Peak Power (W) 2,963
Average People (ft2/person) Dining: 10  Kithchen: 50




Dining: 13,567  Kitchen: 31,469
Kitchen Gas Equipment: 91,933
Schedule See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency 0.84
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Dining: 1.4  Kitchen: 1.2
Ventilation (ft3/min/person) Dining : 20, Kitchen: 15
Supply Fan
Supply Fan Total Efficiency 0.546
Supply Fan Pressure Rise 2.5 in.H2O
Thermostat Setback
Dining - 86°F Cooling / 60°F Heating (not using for baseline model)
Kitchen - 86°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature 140°F
Air Conditioning
Dining: EER = 8.9 (COP = 3.1 for EnergyPlus)




Dining - 75°F Cooling / 70°F Heating
Kitchen - 79°F Cooling / 66°F Heating
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix
Cooling Type See under Matrix





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.19 Baseline Full Service Restaurant Characteristics 
 
  










Building Prototype Full Service Restaurant
Form
Total Floor Area (ft2) 5,502 (74.2 ft x 74.2 ft)
Building Shape




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)
South: 28%, East: 20.22%, North: 0%, West: 20.22%
Total: 17.11% 
Glazing Sill Height (ft) 3.5 ft (top of the window is 6.5 ft high with 3 ft high glass)
Thermal Zoning
Floor to Floor Height (ft) NA
Floor to Ceiling Height (ft) 10
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA




Table A.19 Continued. 
 
  








Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)




Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 1 am - 5 am)
Off peak: 50% of peak infiltration rate 
(when fans turn on, 5 am - 1 am)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio




Table A.19 Continued. 
 
Heating Type See under Matrix
Cooling Type See under Matrix




Dining: EER = 8.2 (COP = 2.87 for EnergyPlus)




Dining - 75°F Cooling / 70°F Heating
Kitchen - 79°F Cooling / 66°F Heating
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Ventilation ( ft3/min/person) Dining : 20, Kitchen: 15
Supply Fan
Supply Fan Total Efficiency 0.546
Supply Fan Pressure Rise 2.5 in.H2O
Thermostat Setback
Dining - 86°F Cooling / 60°F Heating (not using for baseline model)
Kitchen - 86°F Cooling / 60°F Heating (not using for baseline model)
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature 140°F
See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency 0.84
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Dining: 1.4  Kitchen: 1.2
Schedule Astronomical Clock control
Single zone, constant air volume air distribution
Charlotte: 80% (Gas Heating)
Indianapolis: 80% (Gas Heating)
Houston: 100% (Electric Heating)
Boston: 80% (Gas Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 80% (Gas Heating)
Exterior Lighting
Peak Power (W) 5,081
Average People (ft2/person) Dining: 14.3  Kithchen: 50




Dining: 24,137  Kitchen: 56,319






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.22 Baseline Small Hotel Characteristics 
 
  
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Glazing Sill Height (ft) 3 ft in ground floor, 2 ft. in upper floors
Thermal Zoning
Ground Floor: 19 zones including guest rooms, lobby, office space, meeting 
room, laundry room, employee lounge, restrooms, exercise room, 
mechanical room, corridor, stairs, storage; 
2nd-4th Floor:  16 zones per floor, including guest rooms, corridor, stairs 
and storage;
Guest rooms accounts for 63% of total floor area.
Floor to Floor Height (ft)
Ground floor: 11
Upper floors: 9




Number of Floors 4
Window Fraction 
(Window-to-Wall Ratio)










Building Prototype Small Hotel
Form
Total Floor Area (ft2) 43,200 (180 ft x 60 ft)
Building Shape




Table A.22 Continued. 
 
  








Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)
Los Angeles: 1.03 (SHGC: 0.44)
All: 2.59
Air Barrier System
Infiltration Peak: 0.223 cfm/ft
2 of above-grade exterior wall surface area 
Off peak: 50% of peak infiltration rate (All-day)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio




Table A.22 Continued. 
 
Schedule Astronomical Clock control
Constant air volume systems
Charlotte: 100% (Electric Heating)
Indianapolis: 100% (Electric Heating)
Houston: 100% (Electric Heating)
Boston: 80% (Fuel Oil Heating)
Minneapolis: 80% (Gas Heating)
Los Angeles: 100% (Electric Heating)
Exterior Lighting
Peak Power (W) 16,715
Average People (person/room) Guest room: 2





Laundry dryer equipment: 40,096 [W]
Schedule See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency Guest room: 0.8
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Guest room: 1.1  
Ventilation (ft3/min/room) Guest room: 30
Supply Fan
Supply Fan Total Efficiency Guest room: 0.52
Supply Fan Pressure Rise Guest room: 1.33 in.H2O
Thermostat Setback No setback for baseline model
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature Shower:140°F, Laundry:180°F
Air Conditioning
Public Space: EER = 8.2 (COP = 2.87 for EnergyPlus) for Hoston
PTAC 1 Room: EER = 8.29 (COP = 2.9 for EnergyPlus) for Hoston
PTAC 3 Room: EER = 7.6 (COP = 2.67 for EnergyPlus) for Hoston
PTAC 4 Room: EER = 7.6 (COP = 2.67 for EnergyPlus) for Hoston
PTAC Elevator: EER = 7.6 (COP = 2.67 for EnergyPlus) for Hoston




Guest room & public space - 75°F Cooling / 70°F Heating
Storage and stairs - 60°F Heating only 
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix (Storage and stairs: electric unit heater)
Cooling Type See under Matrix (Storage and stairs: no cooling)







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.25 Baseline Large Hotel Characteristics 
 
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Glazing Sill Height (ft) 6 inch in ground floor, 3.6 ft in upper floors
Thermal Zoning
Basement: conditioned single zone;
Ground Floor: 7 zones including retails, lobby, cafe, laundry, storage 
and mechanical rooms; 
2nd to 5th Floor (guest-floor): 7 zones per floor, including guest rooms 
and corridor. Each floor has 42 guest rooms;
6th Floor: 7 zones including guest rooms, banquet room, dining, kitchen 
and corridor.
Total 179 guest rooms, accounting for 41% of total floor area.
Floor to Floor Height (ft)
Basement: 8 ft
Ground floor: 13 ft
2nd - 6th floors: 10 ft




Ground floor: 3.79 (284 ft x 75 ft)
All other floors: 5.07 (284 ft x 56 ft)
Number of Floors 6 above-ground floors plus one basement (284 ft x 75 ft)
Window Fraction 
(Window-to-Wall Ratio)










Building Prototype Large Hotel
Form
Total Floor Area (ft2) 122,132 (Ground: 284 ft x 75 ft, others: 284 ft x 56 ft)
Building Shape





















Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)
Los Angeles: 1.03 (SHGC: 0.44)
All: 2.59
Air Barrier System
Infiltration Peak: 0.223 cfm/ft
2 of above-grade exterior wall surface area 
Off peak: 50% of peak infiltration rate (All-day)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab with carpet
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio




Table A.25 Continued. 
 
  
Schedule Astronomical Clock control
Constant air volume systems
Various by climate locations based on cooling capacity
See under Standard Retrofit for other locations
Exterior Lighting
Peak Power (W) 27,826
Average People (person/room) Guest room: 2






Schedule See under Schedules
Occupancy
Schedule See under Schedules
Daylighting Controls NA
Occupancy Sensors NA
Supply Fan Motor Efficiency Guest room: 0.8
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Guest room: 1.1  
Ventilation (ft3/min/room) Guest room: 30
Supply Fan
Supply Fan Total Efficiency Guest room: 0.52
Supply Fan Pressure Rise Guest room: 1.33 in.H2O
Thermostat Setback No setback for baseline model
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature 140°F
Air Conditioning
Various by climate locations based on cooling capacity




Guest room and public space - 75°F Cooling / 70°F Heating
Storage and corridor - 80.6°F Cooling / 66.6°F Heating
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix 
Cooling Type See under Matrix 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Dry Storage, Office, 
Deli, and Bakery
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Thermal Zoning
Glazing Sill Height (ft) 4.5 ft (top of the window is 15.5 ft high with 11 ft high glass)
Floor to Floor Height (ft) 20




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)












Total Floor Area (ft2) 45,000 (260 ft x 173 ft)
Building Shape











Table A.28 Continued. 
 
  













Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)




Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 10 pm - 6 am)
Off peak: 50% of peak infiltration rate 
(when fans turn on, 6 am - 10 pm)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio










Schedule Astronomical Clock control
Constant air volume systems
Various by climate locations based on cooling capacity
See under Standard Retrofit for other locations
Exterior Lighting
Peak Power (W) 16,402
Average People (ft2/person) 125 (Sales, Produce, Deli, Bakery), 200 (Office), 500 (Dry Storage)




0.5 (Sales, Produce), 0.75 (Office, Dry Storage)
5 (Deli, Bakery)
Schedule See under Schedules
Occupancy
Schedule See under Schedules
Supply Fan Motor Efficiency Sales: 0.924 (See under STD_OA_Occupancy_LPD for others)
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Sales: 1.7  (See under STD_OA_Occupancy_LPD for others)
Ventilation (ft3/min/person)
15 (Bakery, Deli, Produce, Sales), 20 (Office), 
0.15 cfm/ft2 (Dry Storage)
Supply Fan
Supply Fan Total Efficiency Sales: 0.6 (See under STD_OA_Occupancy_LPD for others)
Supply Fan Pressure Rise Sales: 4.1 in.H2O (See under STD_OA_Occupancy_LPD for others)
Thermostat Setback All Zones: 86°F Cooling / 60°F Heating (Not using for baseline model)
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature 140°F
Air Conditioning
Various by climate locations based on cooling capacity
See under Standard Retrofit for other locations
Heating
HVAC Control
Thermostat Setpoint All Zones: 75°F Cooling / 70°F Heating
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix 
Cooling Type See under Matrix 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.31 Baseline Convenience Store Characteristics 
 
  
Back Area, Main Area
Soth, Zone 5 - Houston Bush Intercontinental AP, TX
Midwest, Zone 1 - Minneapolis St. Paul Intl. AP., MN
South, Zone 4 - Charlotte Douglas.Intl.AP., NC
Midwest, Zone 2 - Indianapolis.Intl.AP., IN
Northeast, Zone 2 - Boston-Logan.Intl.AP., MA
West, Zone 4 - Los.Angeles.Intl.AP., CA
Thermal Zoning
Glazing Sill Height (ft) 0.9 ft (top of the window is 7.9 ft high with 7 ft high glass)
Floor to Floor Height (ft) 13.5




Number of Floors 1
Window Fraction 
(Window-to-Wall Ratio)










Building Prototype Convenience Store
Form
Total Floor Area (ft2) 3,437 (87 ft x 39.5 ft)
Building Shape







Table A.31 Continued. 
 
 













Charlotte: 0.72 (SHGC: 0.255)
Indianapolis: 0.59 (SHGC: 0.39)
Houston: 1.03 (SHGC: 0.25)
Boston: 0.59 (SHGC: 0.39)
Minneapolis: 0.52 (SHGC: 0.39)




Peak: 0.223 cfm/ft2 of above-grade exterior wall surface area 
(when fans turn off, 10 pm - 6 am)
Off peak: 50% of peak infiltration rate 
(when fans turn on, 6 am - 10 pm)
Dimentions Based on floor area and aspect ratio
Interior Partitions
Construction 2x4 steel-frame with gypsum board
Dimentions Based on floor plan and floor-to-floor height
Foundation
Foundation Type Mass Floor
Construction 4 inch concrete slab
R-value (h·ft2·°F/Btu)
Roof




Based on window fraction, location, glazing sill height, floor area 
and aspect ratio
Glass-Type and Frame Non-residential Fixed Assembly Window
Dimentions Based on floor area and aspect ratio





Dimentions Based on floor area and aspect ratio




Table A.31 Continued. 
 
  
Schedule Astronomical Clock control
Constant air volume systems
Various by climate locations based on cooling capacity
See under Standard Retrofit for other locations
Exterior Lighting
Peak Power (W) 1,253
Average People (ft2/person) 0.008 (Main Area), 0.005 (Back Area)






Schedule See under Schedules
Occupancy
Schedule See under Schedules
Daylighting Controls NA
Occupancy Sensors NA
Supply Fan Motor Efficiency 0.875
Internal Loads & Schedules
Lighting
Average Power Density (W/ft2) Main Area: 1.7, Back Area: 1.1 
Ventilation (ft3/min/person) 15 (Main Area), 20 (Back Area)
Supply Fan
Supply Fan Total Efficiency 0.56875
Supply Fan Pressure Rise 2.5 in.H2O
Thermostat Setback NA
Supply Air Temperature Heating 113°F, Cooling 55.4°F
Hot Water Supply Temperature 140°F
Air Conditioning
Various by climate locations based on cooling capacity
See under Standard Retrofit for other locations
Heating
HVAC Control
Thermostat Setpoint All Zones: 75°F Cooling / 70°F Heating
HVAC Sizing
Air Conditioning Autosized to design day
Heating Autosized to design day
HVAC Efficiency
Heating Type See under Matrix 
Cooling Type See under Matrix 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure B.1 A Combination Map of HVAC Technologies for Office Buildings 






















Figure B.2 A Combination Map of HVAC Technologies for Mercantile Buildings  






















Figure B.3 A Combination Map of HVAC Technologies for Education Buildings 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure B.4 A Combination Map of HVAC Technologies for Office and Mercantile 
Buildings (Indianapolis, IN) and Office Buildings (Boston, MA) in ASHRAE Climate 























Figure B.5 A Combination Map of HVAC Technologies for Education Buildings 























Figure B.6 A Combination Map of HVAC Technologies for Mercantile Buildings 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure B.7 A Combination Map of HVAC Technologies for Office Buildings 

































Figure B.8 A Combination Map of HVAC Technologies for Mercantile Buildings 































Figure B.9 A Combination Map of HVAC Technologies for Education Buildings 





























Figure B.10 A Combination Map of HVAC Technologies for Mercantile and Education 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix C  Building Energy Simulation 





Cooling Coil Gross 











Baseline 8.9 90.1-1989 3.10 1 Electric 0.5915 X
Standard 
Retrofit 11.2 90.1-2013 3.87 1 Electric 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.5915 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 COP = 1.94 Electric 0.5915 X
Standard 
Retrofit 11 90.1-2013 3.80 COP = 3.3 Electric 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.5915 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.5915 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 1 Electric 0.5915 X
Standard 
















Cooling Coil Gross 











Baseline 8.2 90.1-1989 2.87 0.8 Gas 0.5915 X
Standard 
Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 X
Baseline 8.2 90.1-1989 2.87 0.8 Gas 0.5915 X
Standard 
Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline 8.2 90.1-1989 2.87 0.8 Gas 0.5915 X
Standard 
Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 X
Baseline 8.2 90.1-1989 2.87 0.8 Gas 0.5915 X
Standard 
Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline 8.2 90.1-1989 2.87 0.8 Gas 0.5915 X
Standard 
Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline 8.2 90.1-1989 2.87 1 Electric 0.5915 X
Standard 

















Cooling Coil Gross 











Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.56875 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 X
Baseline 8.9822 90.1-1989 3.13 0.8 Gas 0.546 X
Standard 
Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.56875 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9822 90.1-1989 3.13 0.8 Gas 0.546 X
Standard 
Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.56875 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 X
Baseline 8.9822 90.1-1989 3.13 0.8 Gas 0.546 X
Standard 
Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 X
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.56875 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9822 90.1-1989 3.13 0.8 Gas 0.546 X
Standard 
Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 0.8 Gas 0.56875 X
Standard 
Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline 8.9822 90.1-1989 3.13 0.8 Gas 0.546 X
Standard 
Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline 8.9 90.1-1989 3.10 1 Electric 0.56875 X
Standard 
Retrofit 11.2 90.1-2013 3.87 1 Electric 0.6 O
Baseline 8.9822 90.1-1989 3.13 1 Electric 0.546 X
Standard 















Cooling Coil Gross 











POD_1 8.2 90.1-1989 2.87 1 Electric 0.59 X
Standard 10 90.1-2013 3.47 1 Electric 0.60 X
POD_2 8.2 90.1-1989 2.87 1 Electric 0.59 X
Standard 10 90.1-2013 3.47 1 Electric 0.60 X
POD_3 8.2 90.1-1989 2.87 1 Electric 0.59 X
Standard 11 90.1-2013 3.80 1 Electric 0.60 X
Unit_4 8.2 90.1-1989 2.87 1 Electric 0.59 X
Standard 10 90.1-2013 3.47 1 Electric 0.60 X
Unit_5 8.9822 90.1-1989 3.13 1 Electric 0.55 X
Standard 13 90.1-2013 4.46 1 Electric 0.60 X
Unit_6 8.9 90.1-1989 3.10 1 Electric 0.54 X
Standard 11.2 90.1-2013 3.87 1 Electric 0.60 X
Unit_7 8.9 90.1-1989 3.10 1 Electric 0.57 X
Standard 11.2 90.1-2013 3.87 1 Electric 0.60 X
POD_1 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_2 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_3 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
Unit_4 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
Unit_5 8.9822 90.1-1989 3.13 0.8 Gas 0.55 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
Unit_6 8.9 90.1-1989 3.10 0.8 Gas 0.54 X
Standard 11 90.1-2013 3.80 0.8 Gas 0.60 O
Unit_7 8.9822 90.1-1989 3.13 0.8 Gas 0.57 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
POD_1 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_2 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_3 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
Unit_4 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
Unit_5 8.9822 90.1-1989 3.13 0.8 Gas 0.55 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
Unit_6 8.9 90.1-1989 3.10 0.8 Gas 0.54 X
Standard 11 90.1-2013 3.80 0.8 Gas 0.60 O
Unit_7 8.9 90.1-1989 3.10 0.8 Gas 0.57 X













Cooling Coil Gross 











POD_1 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_2 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
POD_3 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 10.8 90.1-2013 3.73 0.8 Gas 0.60 O
Unit_4 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
Unit_5 8.9822 90.1-1989 3.13 0.8 Gas 0.55 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
Unit_6 8.9 90.1-1989 3.10 0.8 Gas 0.54 X
Standard 11 90.1-2013 3.80 0.8 Gas 0.60 O
Unit_7 8.9822 90.1-1989 3.13 0.8 Gas 0.57 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
POD_1 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
POD_2 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
POD_3 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
Unit_4 8.2 90.1-1989 2.87 0.8 Gas 0.59 X
Standard 9.8 90.1-2013 3.40 0.8 Gas 0.60 O
Unit_5 8.9822 90.1-1989 3.13 0.8 Gas 0.55 X
Standard 13 90.1-2013 4.46 0.8 Gas 0.60 O
Unit_6 8.9 90.1-1989 3.10 0.8 Gas 0.54 X
Standard 11 90.1-2013 3.80 0.8 Gas 0.60 O
Unit_7 8.9 90.1-1989 3.10 0.8 Gas 0.57 X












EER COP EER COP HSPF COP HSPF COP
CAFETERIA_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
COMPUTER_CLASS_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_1_POD_1_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_1_POD_2_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_1_POD_3_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_2_POD_1_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_2_POD_2_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORNER_CLASS_2_POD_3_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
GYM_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
KITCHEN_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
LIBRARY_MEDIA_CENTER_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_1_POD_1_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_1_POD_2_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_1_POD_3_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_2_POD_1_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_2_POD_2_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
MULT_CLASS_2_POD_3_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
OFFICES_ZN_1_FLR_1 8.9 3.1 11 3.80 - 3.00 - 3.30
BATH_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORRIDOR_POD_1_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORRIDOR_POD_2_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
CORRIDOR_POD_3_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
LOBBY_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
MAIN_CORRIDOR_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
MECH_ZN_1_FLR_1 8.9822 3.13 13 4.46 6.6 1.93 7.7 2.26
Cooling HeatingPrimary School - Charlotte









Cooling Coil Gross 











Baseline Dining 8.9 90.1-1989 3.10 1 Electric 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 1 Electric 0.6 X
Baseline Kitchen 8.98 90.1-1989 3.13 1 Electric 0.546 X
Standard Retrofit 11.76 90.1-2013 4.05 1 Electric 0.6 X
Baseline Dining 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 0.8 Gas 0.6 O
Baseline Kitchen 8.98 90.1-1989 3.13 0.8 Gas 0.546 X
Standard Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline Dining 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 0.8 Gas 0.6 X
Baseline Kitchen 8.98 90.1-1989 3.13 0.8 Gas 0.546 X
Standard Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 X
Baseline Dining 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 0.8 Gas 0.6 O
Baseline Kitchen 8.98 90.1-1989 3.13 0.8 Gas 0.546 X
Standard Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline Dining 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 0.8 Gas 0.6 O
Baseline Kitchen 8.98 90.1-1989 3.13 0.8 Gas 0.546 X
Standard Retrofit 11.76 90.1-2013 4.05 0.8 Gas 0.6 O
Baseline Dining 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 0.8 Gas 0.6 O
Baseline Kitchen 8.98 90.1-1989 3.13 0.8 Gas 0.546 X















Cooling Coil Gross 











Baseline Dining 8.2 90.1-1989 2.87 1 Electric 0.56875 X
Standard Retrofit 10 90.1-2013 3.47 1 Electric 0.6 X
Baseline Kitchen 8.9 90.1-1989 3.10 1 Electric 0.546 X
Standard Retrofit 11.2 90.1-2013 3.87 1 Electric 0.6 X
Baseline Dining 8.2 90.1-1989 2.87 0.8 Gas 0.56875 X
Standard Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline Kitchen 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline Dining 8.2 90.1-1989 2.87 0.8 Gas 0.56875 X
Standard Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 X
Baseline Kitchen 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 X
Baseline Dining 8.2 90.1-1989 2.87 0.8 Gas 0.56875 X
Standard Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline Kitchen 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline Dining 8.2 90.1-1989 2.87 0.8 Gas 0.56875 X
Standard Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline Kitchen 8.9 90.1-1989 3.10 0.8 Gas 0.546 X
Standard Retrofit 11 90.1-2013 3.80 0.8 Gas 0.6 O
Baseline Dining 8.2 90.1-1989 2.87 0.8 Gas 0.56875 X
Standard Retrofit 9.8 90.1-2013 3.40 0.8 Gas 0.6 O
Baseline Kitchen 8.9 90.1-1989 3.10 0.8 Gas 0.546 X























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure C.23 Normalized HVAC Energy Consumption Relative to Medium Office 
Baseline 








Variable Refrigerant Flow (VRF)






Normalized HVAC Energy Consumption 
Relative to Baseline
Medium Office






Figure C.24 Normalized HVAC Energy Consumption Relative to Stand-Alone Retail 
Baseline 







Variable Refrigerant Flow (VRF)






Normalized HVAC Energy Consumption 
Relative to Baseline
Stand-Alone Retail






Figure C.25 Normalized HVAC Energy Consumption Relative to Strip Mall Baseline 







Variable Refrigerant Flow (VRF)






Normalized HVAC Energy Consumption 
Relative to Baseline
Strip Mall






Figure C.26 Normalized HVAC Energy Consumption Relative to Primary School 
Baseline 







Variable Refrigerant Flow (VRF)






Normalized HVAC Energy Consumption 
Relative to Baseline
Primary School






Figure C.27 Normalized HVAC Energy Consumption Relative to Quick Service 
Restaurant Baseline 
0% 20% 40% 60% 80% 100% 120%
Fixed Duct Leakage
High Efficiency Fan













Air Source Heat Pump (HP)
Cold Climate Heat Pump
Variable Refrigerant Flow (VRF)
Normalized HVAC Energy Consumption 
Relative to Baseline
Quick Service Restaurants






Figure C.28 Normalized HVAC Energy Consumption Relative to Full Service Restaurant 
Baseline 
0% 20% 40% 60% 80% 100% 120%
Fixed Duct Leakage
High Efficiency Fan













Air Source Heat Pump (HP)
Cold Climate Heat Pump
Variable Refrigerant Flow (VRF)
Normalized HVAC Energy Consumption 
Relative to Baseline
Full Service Restaurants






Figure C.29 Normalized HVAC Energy Consumption Relative to Small Hotel Baseline 
0% 20% 40% 60% 80% 100% 120%
High Efficiency Fan













Variable Refrigerant Flow (VRF)
Normalized HVAC Energy Consumption 
Relative to Baseline
Small Hotel






Figure C.30 Normalized HVAC Energy Consumption Relative to Large Hotel Baseline 
0% 20% 40% 60% 80% 100% 120%
High Efficiency Fan














Variable Refrigerant Flow (VRF)
Normalized HVAC Energy Consumption 
Relative to Baseline
Large Hotel






Figure C.31 Normalized HVAC Energy Consumption Relative to Supermarket Baseline 
0% 20% 40% 60% 80% 100% 120%
High Efficiency Fan












Air Source Heat Pump (HP)
Cold Climate Heat Pump
Variable Refrigerant Flow (VRF)
Dedicated Outdoor Air System &
VRF
Normalized HVAC Energy Consumption 
Relative to Baseline
Supermaret






Figure C.32 Normalized HVAC Energy Consumption Relative to Convenience Store 
Baseline  
0% 20% 40% 60% 80% 100% 120%
High Efficiency Fan











Air Source Heat Pump (HP)
Cold Climate Heat Pump




Normalized HVAC Energy Consumption 
Relative to Baseline
Convenience Store





Appendix D Evaluation of HVAC Retrofit Solutions 
The results of the standard retrofit HVAC systems cost analysis for the quick 
service and full service restaurants are shown in Table D.1.  These building types 
predominantly use packaged rooftop air conditioners with the selection of gas heat or 
electric resistance heating depending primarily on geography.  Gas heat is the more 
expensive than electric heat as shown below. 
 
Table D.1 Quick and Full Service Restaurants Standard Retrofit Cost Estimation Per 
Square Foot Before City Cost Factors 
 
 
The results of the standard retrofit HVAC systems cost analysis for the large and 
small hotels are shown in Table D.2.  These building types predominantly use packaged 
rooftop air conditioners for building common areas, with the selection of gas heat or 
electric resistance heating depending primarily on geography.  Gas heat is the more 
expensive of the two as shown below.  The guest rooms are typically served by cabinet or 
through the wall air conditioners with electric resistance heating.  The installed cost for 
each baseline building was computed using an area weighted average of the guest room 
system costs plus the costs of the appropriate common space HVAC system. 
 
 
Description Operating Mode Average Installed Cost [$/sf]
Packaged Rooftop Unit Electric Heat and Cool 8.56




Table D.2 Small and Large Hotel Standard Retrofit Cost Estimation Per Square Foot 
Before City Cost Factors 
 
 
The results of the standard retrofit HVAC systems cost analysis for the 
supermarket and convenience stores are shown in Table D.3.  These building types 
predominantly use packaged rooftop air conditioners, with the selection of gas heat or 
electric resistance heating depending primarily on geography.  Gas heat is the more 
expensive of the two as shown below.  In the US Northeast, packaged heat pumps are the 
most numerous system type according to analysis of CBECS data.  This system type is 
significantly more expensive than the other two systems but has significantly lower site 
energy use as well. 
 
Table D.3 Supermarket and Convenience Store Standard Retrofit Cost Estimation Per 
Square Foot Before City Cost Factors 
 
 
Description Operating Mode Average Installed Cost [$/sf]
Packaged Rooftop Unit:
Common Areas
Electric Heat and Cool 8.56
Packaged Rooftop Unit:
Common Areas
Gas Heat and Electric Cool 10.62
Unitary Cabinet A/C with 
Electric Heat: Guest Rooms Electric Heat and Cool 6.75
Description Operating Mode Average Installed Cost [$/sf]
Packaged Rooftop Unit Electric Heat and Cool 8.56
Packaged Rooftop Unit Gas Heat, Electric Cool 10.62












Table D.6 Small Hotel Retrofit Package Differential Costs Compared to Standard Retrofit 
 
Charlotte Indianapolis Houston Boston Minneapolis LA
1 $5.45 $6.25 $7.61 $7.94 $7.20 $7.24
4 $2.16 $2.48 $4.09 $3.15 $2.85 $2.87
5 $9.49 $10.88 $11.93 $13.81 $12.53 $12.60
8 $8.09 $9.27 $10.43 $11.78 $10.69 $10.75
8.1 $9.46 $10.84 $11.89 $13.76 $12.49 $12.56
9 $8.36 $9.59 $10.72 $12.17 $11.05 $11.11







Charlotte Indianapolis Houston Boston Minneapolis LA
1 $5.58 $6.39 $4.19 $8.12 $7.37 $7.41
2 $7.31 $8.38 $6.04 $10.64 $9.65 $9.71
5 $11.37 $13.04 $10.38 $16.56 $15.02 $15.11
8 $9.95 $11.40 $8.86 $14.48 $13.13 $13.21
8.1 $11.31 $12.96 $10.31 $16.46 $14.94 $15.02
9 $10.22 $11.71 $9.15 $14.87 $13.49 $13.57







Charlotte Indianapolis Houston Boston Minneapolis LA
1 $2.49 $2.86 $2.66 $2.73 $2.48 $3.31
2 $1.54 $1.77 $1.65 $1.35 $1.23 $2.05
4 $1.70 $1.95 $1.82 $1.58 $1.44 $2.26
10 $1.53 $1.76 $1.64 $1.33 $1.21 $2.03










Table D.7 Large Hotel Retrofit Package Differential Costs Compared to Standard Retrofit 
 
 




Table D.9 Convenience Store Retrofit Package Differential Costs Compared to Standard 
Retrofit 
 
Charlotte Indianapolis Houston Boston Minneapolis LA
1 $0.80 $0.92 $0.85 -$0.27 -$0.24 $1.06
2 $0.80 $0.92 $0.85 -$0.27 -$0.24 $1.06
3 $2.50 $2.86 $2.67 $2.21 $2.00 $3.32
4 $2.07 $2.37 $2.22 $1.59 $1.44 $2.75
5 $1.82 $2.08 $1.95 $1.22 $1.11 $2.42







Charlotte Indianapolis Houston Boston Minneapolis LA
1 $1.89 $0.26 $2.02 -$7.65 $0.30 $2.51
2 $2.32 $0.75 $2.48 -$7.03 $0.86 $3.08
4 $3.62 $2.24 $3.87 -$5.13 $2.58 $4.81
7 $7.37 $6.54 $7.88 $0.33 $7.54 $9.79
7.1 $8.74 $8.11 $9.35 $2.32 $9.35 $11.61







Charlotte Indianapolis Houston Boston Minneapolis LA
1 $6.84 $7.84 $7.31 -$0.44 $9.03 $9.08
3 $7.79 $8.92 $8.33 $0.93 $10.28 $10.34
4 $9.00 $10.31 $9.62 $2.70 $11.88 $11.95
5 $7.27 $8.33 $7.77 $0.18 $9.60 $9.65
7 $12.32 $14.12 $13.17 $7.53 $16.27 $16.36
7.1 $13.69 $15.69 $14.64 $9.53 $18.08 $18.18










Table D.10 Energy Savings and Un-incentivized Paybacks for Office, Mercantile, and 




51% 61% 50% 62% 31% 52%
12.6 32.5 20.1 52.8 12.5 2.5
33% 54% 58% 62% 64% 50%
26.6 1.8 0.0 3.7 51.9 0.0
46% 50% 48% 52% 48% 24%
0.0 0.0 0.7 0.0 1.0 0.0
39% 29% 48% 30% 25% 52%
0.5 1.0 9.6 1.1 1.2 1.1
31% 48% 53% 52% 49% 38%
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U.S. Climate Zones for 2003 CBECS Zone 4 Zone 2 Zone 5 Zone 2 Zone 1 Zone 4




Table D.11 Energy Savings and Incentivized Paybacks for Office, Mercantile, and 
Education by Retrofit Package and Climate Region 
 
  
51% 61% 50% 62% 31% 52%
12.1 1.5 19.3 26.4 7.5 1.8
33% 54% 58% 62% 64% 50%
26.0 1.5 0.0 1.8 51.3 0.0
46% 50% 48% 52% 48% 24%
0.0 0.0 0.0 0.0 0.6 0.0
39% 29% 48% 30% 25% 52%
0.0 1.0 8.8 0.6 0.6 0.4
31% 48% 53% 52% 49% 38%
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U.S. Climate Zones for 2003 CBECS Zone 4 Zone 2 Zone 5 Zone 2 Zone 1 Zone 4
Energy Savings and Incentivized Simple Paybacks in Years




Table D.12 Full Service Restaurant Energy Savings and Un-incentivized Paybacks by 
Retrofit Package and Climate Region 
 
 
Table D.13 Full Service Restaurant Energy Savings and Incentivized Paybacks by 
Retrofit Package and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
53% 56% 42% 57% 57% 33%
4 7.5 1.9 8.2 7.5 N/A
54% 56% 46% 57% 57% 33%
4.9 9 2.5 10.3 9.4 1830.4
57% 60% 45% 63% 62% 46%
7.1 13.1 4.4 13.1 12.6 27.9
58% 60% 41% 65% 61% 42%
7 N/A 4.1 40.9 16.7 38.4
67% 71% 68%
25.6 16.7 79.2
58% 60% 41% 65% 61% 41%
7.2 N/A 4.3 44.2 17.5 40.4
67% 70% 68%
27.1 17.5 90.7
Full Service Restaurant - Energy Savings and Un-incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions
U.S. Climate Zones for 2003 CBECS
Representative City 
(ASHRAE Climate Zone)













South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
53% 56% 42% 57% 57% 33%
4 1.5 1.1 4.1 6.5 N/A
54% 56% 46% 57% 57% 33%
4.8 1.5 1.7 5.1 8.5 1830.4
57% 60% 45% 63% 62% 46%
7 4 3.5 6.5 11.8 27.6
58% 60% 41% 65% 61% 42%
7 N/A 4.1 20.4 N/A 38.4
67% 71% 68%
7.7 8.4 74.4
58% 60% 41% 65% 61% 41%
7.2 N/A 4.3 22.1 N/A 40.4
67% 70% 68%
8.7 8.7 85.3
Full Service Restaurant - Energy Savings and Incentivized Simple Paybacks in Years
Packaged 9
Cold Climate HP
U.S. Census Regions and Divisions

















Table D.14 Small Hotel Energy Savings and Un-incentivized Paybacks by Retrofit 
Package and Climate Region 
 
 
Table D.15 Small Hotel Energy Savings and Incentivized Paybacks by Retrofit Package 
and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
69% 73% 66% 74% 71% 70%
4.3 4.1 3.8 4.2 6.9 4.2
60% 58% 59% 59% 49% 58%
3.1 3.2 2.6 2.7 4.2 3.2
61% 58% 59% 59% 50% 59%
3.4 3.5 2.9 3.1 4.8 3.4
61% 58% 59% 59% 47% 59%
3 3.2 2.6 2.6 4.1 3.1
75% 78% 70% 80% 77% 76%
8 7.7 7.1 8.9 14 7.8
Small Hotel - Energy Savings and Un-incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions









South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
69% 73% 66% 74% 71% 70%
3.8 2.4 3 2.1 6.6 3.5
60% 58% 59% 59% 49% 58%
2.5 1.5 1.8 1.3 3.8 2.5
61% 58% 59% 59% 50% 59%
2.8 1.5 2.1 1.5 4.4 2.7
61% 58% 59% 59% 47% 59%
2.5 1.5 1.8 1.3 3.7 2.4
75% 78% 70% 80% 77% 76%
7.5 6.1 6.3 4.5 13.7 7.1
Small Hotel - Energy Savings and Incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions












Table D.16 Large Hotel Energy Savings and Un-incentivized Paybacks by Retrofit 
Package and Climate Region 
 
 
Table D.17 Large Hotel Energy Savings and Incentivized Paybacks by Retrofit Package 
and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
56% 52% 55% 58% 52% 54%
1.1 1 1 0 0 1.8
56% 52% 55% 58% 52% 54%
1.1 1 1 0 0 1.8
67% 71% 63% 74% 75% 57%
2.8 2.3 2.7 2.7 3.2 5.2
58% 53% 59% 59% 53% 58%
2.7 2.6 2.4 2.4 3.4 4.2
58% 53% 59% 58% 53% 56%
2.4 2.3 2.1 1.9 2.7 3.9
79% 84% 77% 85% 85% 64%
4 3.2 3.7 4.3 4.8 7.7
Large Hotel - Energy Savings and Un-incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions










South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
56% 52% 55% 58% 52% 54%
0.5 1 0.2 0 0 1.1
56% 52% 55% 58% 52% 54%
0.5 1 0.2 0 0 1.1
67% 71% 63% 74% 75% 57%
2.3 2 1.9 1.4 3.1 4.5
58% 53% 59% 59% 53% 58%
2.2 2.1 1.6 1.2 3.3 3.5
58% 53% 59% 58% 53% 56%
1.8 1.8 1.3 0.9 2.6 3.2
79% 84% 77% 85% 85% 64%
3.4 2.9 2.9 2.1 4.7 7
Large Hotel - Energy Savings and Incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions













Table D.18 Supermarket Energy Savings and Un-incentivized Paybacks by Retrofit 
Package and Climate Region 
 
 
Table D.19 Supermarket Energy Savings and Incentivized Paybacks by Retrofit Package 
and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
17% 38% 9% -40% 42% 8%
4.4 N/A 5.9 N/A N/A 10.5
17% 38% 10% -39% 42% 9%
5.2 N/A 6.8 N/A N/A 11.1
17% 38% 10% -40% 42% 8%
8.2 N/A 10.5 N/A N/A 19.6
67% 67% 67% 37% 63% 72%
4.3 62.8 3.2 0.3 N/A 4.6
75% 50% 72%
17.1 1.8 29.2
74% 79% 78% 57% 81% 74%
5.2 14 3.7 2.9 13.2 6.1
Supermarket - Energy Savings and Un-incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions











South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
17% 38% 9% -40% 42% 8%
3.8 N/A 5.1 N/A N/A 9.8
17% 38% 10% -39% 42% 9%
4.6 N/A 6 N/A N/A 10.4
17% 38% 10% -40% 42% 8%
7.7 N/A 9.7 N/A N/A 18.9
67% 67% 67% 37% 63% 72%
3.7 52.2 2.8 0.2 N/A 4.6
75% 50% 72%
14.7 0.9 28.8
74% 79% 78% 57% 81% 74%
4.7 12.4 2.9 1.4 13 5.4
Supermarket - Energy Savings and Incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions














Table D.20 Convenience Store Energy Savings and Un-incentivized Paybacks by Retrofit 
Package and Climate Region 
 
 
Table D.21 Convenience Store Energy Savings and Incentivized Paybacks by Retrofit 
Package and Climate Region 
 
 
South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
-7% -23% 25% -42% -6% 44%
N/A N/A 12.1 N/A N/A 14.1
58% 57% 64% 35% 53% 63%
7.1 5.7 5.4 1.4 6.1 11.4
-2% -20% 34% -39% -5% 49%
N/A N/A 11.7 N/A N/A 16.6
-7% -23% 25% -41% -7% 46%
N/A N/A 12.9 N/A N/A 14.5
64% 58% 64% 47% 51% 68%
10.2 8.8 8.4 8 10 16.5
68% 54% 61%
8.5 8.9 9.3
72% 72% 78% 61% 73% 66%
9.3 7.3 7.2 6.6 7.2 17.5
Convenience Store - Energy Savings and Un-incentivized Simple Paybacks in Years
U.S. Census Regions and Divisions













South Midwest South Northeast Midwest West











Los Angeles, CA 
(3B)
-7% -23% 25% -42% -6% 44%
N/A N/A 11.3 N/A N/A 13.4
58% 57% 64% 35% 53% 63%
6.6 1.5 4.6 0.7 5.2 10.7
-2% -20% 34% -39% -5% 49%
N/A N/A 10.8 N/A N/A 16
-7% -23% 25% -41% -7% 46%
N/A N/A 12.1 N/A N/A 13.8
64% 58% 64% 47% 51% 68%
9.7 1.5 8 4 9 16.5
68% 54% 61%
1.5 4.4 8.5
72% 72% 78% 61% 73% 66%
8.8 1.5 6.4 3.3 6.6 16.8
Convenience Store - Energy Savings and Incentivized Simple Paybacks in Years
Packaged 5
U.S. Census Regions and Divisions
















Figure D.1 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 
Packages with and without Incentive Program for Office, Mercantile, and Education 
 
 
Figure D.2 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 














































Figure D.3 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 
Packages with and without Incentive Program for Small Hotel 
 
 
Figure D.4 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 














































Figure D.5 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 
Packages with and without Incentive Program for Supermarket 
 
 
Figure D.6 Scatter Plot for Overall Performance of All Proposed HVAC Retrofit 
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